(i.e., it has a "specific and substantial utility") and the assertion would be considered credible 
by a person of skill in the art, a rejection based on lack of utility should not be imposed. Id. 

Where one or more uses for an invention are set forth in the specification, a rejection 
for lack of utility should not be made or maintained unless an Examiner has reason to doubt the 
objective truth of the asserted utility. A reason to doubt an invention's asserted utility may be 
established when the written description suggests an inherently unbelievable undertaking or 
involves implausible scientific principles. In re Cortright, 49 USPQ2d 1464, 1466 (Fed. Cir. 
1999). Further, a claimed invention need not accomplish every asserted utility. As long as the 
claimed invention meets at least one stated utility, the utility requirement is satisfied. Stiftung 
V. RenishawPLQ 20USPQ2d 1094, 1100 (Fed. Cir. 1991). 

While acknowledging that the specification sets forth several utilities, such as screening 
of drugs and treatment or prevention of diseases, the Office Action indicates that the 
specification and art of record collectively fail to teach (1) what the TASK protein is, (2) how 
it functions, and (3) a specific and well established utility. With regard to the latter, the Office 
Action alleges that the specification does not teach a relationship between the claimed 
invention and any specific disease. 

With reference to the assertion that the specification (1) fails to teach what the TASK 
protein is, it is respectfully pointed out that the primary structure of TASK is set forth in the 
amino acid sequence of SEQ. ID. NO: 4. Further, higher order structures are well 
characterized in the specification. For example. Fig. IC shows the putative membrane 
topology of TASK, including the relative position of the four transmembrane segments and P 
domains. Figure 8 shows consensus sites for N-linked glycosylation (*) and phoshorylation by 
protein kinase C (n), protein kinase A (s) and tyrosine kinase (1) in TASK. The Examiner's 



'-PHILl:3681684.vl 



-2- 



attention is also drawn to the section of the specification at page 16, line 20 through the end of 
page 17, entitled "Cloning and Primary Structure of TASK", and the section beginning on page 
23, line 20, entitled "Unique Structural Features of TWIK-1 and TASK Family of Potassium 
Transport Channels". The specification therefore provides an extensive description 
characterizing the structure of TASK. 

As to assertion (2), the function of TASK is also well described. The activity of TASK, 
including the biophysical properties of the currents induced by TASK are described in detail 
from page 19, line 13 through the end of page 21. Briefly, TASK is a K"^ channel exhibiting 
outward rectification at physiological K"^ concentrations, which activity can be approximated 
by the Goldman-Hodgkin-Katz current equation. (See also, page 24, lines 17-19.) This 
indicates that TASK lacks intrinsic voltage sensitivity and behaves like a K"^-selective "hole" 
(page 24, lines 20-21), whose activity is not changed by activation of protein kinase A or C 
(page 25, lines 12-14). On the other hand, TASK is sensitive to extracellular pH in the 
physiological range between 6.5 and 7.8. (Fig. 13A, page 22, lines 11-12, page 25, lines 14-15.) 
The Hill coefficient of-- 1.6 was found for the H"^ concentration dependence of the TASK 
current. (Page 25, line 16.) Further, regulation of the TASK channel is described in detail on 
page 22. Thus, the function of TASK is described in the specification in more than sufficient 
detail. 

With reference to assertion (3), that the specification fails to set forth a specific and 
well-established utility, the Applicants respectfully contend that the specification sets forth 
several utilities for the invention (although only one is required), for example, at page 27, line 
23 through page 29, line 17. None of the asserted utilities are "inherently unbelievable" so as 
to warrant a rejection under § 101. To the contrary, among the disclosed uses for TASK are 
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treatments of several diseases known to involve potassium channels, such as epilepsy, heart 
disease (including arrhythmias and vascular diseases) neurodegenerative diseases, especially 
those associated with ischemia or anoxia, endocrine diseases and muscle diseases. (Page 28, 
lines 8-11.) 

The Utility Examination Guidelines explain that when a class of proteins is defined 
such that the members share a specific, substantial, and credible utility, the reasonable 
assignment of a new protein to the class of sufficiently conserved proteins would impute the 
same specific, substantial and credible utility to the assigned protein. 66(4) F.R. 1092, 1096, 
January 5, 2001. This is the case with TASK, because it is well known in the art that 
potassium channels are good targets for drug therapy to treat the diseases noted in the 
specification. Several articles describing the role of potassium channels are discussed in the 
Backgroimd section of the application. The role of these channels in the above-mentioned 
diseases is also well established in the art. See, e.g., Monsuez, J. (1997) Cardiac potassium 
currents and channels Part I: Basic science aspects, Int J Cardiol 61:209-210; Yoshino, T. 
(1998) Protective Effect of the K+ Channel Opener KRN4884 on Peripheral Occlusive Arterial 
Disease in Rats, Gen Pharmac 31(l):59-62; Gordon, N (1997) Episodic ataxia and 
channelopathies, Brain Dev 20:9-13; Fujimura, N., et aL (1997) Contribution of ATP Sensitive 
Potassium Channels to Hypoxic Hyperpolarization in Rat Hippocampal CAl Neurons In Vitro, 
J Neurophysiol 77(l):378-85. 

In addition, it is well known that several of these diseases can be treated by targeting 
potassium channels with various drugs. For example, Monsuez, J. (1997) Cardiac potassium 
currents and channels Part II: Implications for clinical practice and therapy, Int J Cardiol 62:1- 
12 describes the blocking action of various drugs on known potassium channels to treat 
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arrhythmias (table 1) and the opening of potassium channels using channel activators (section 
3) to treat, among other things, heart failure and hypertension. Other medical uses for targeting 
potassium channels are also well characterized in the art. Thus, one skilled in the art 
recognizes that potassium cannels, as a class, represent an excellent target for drug therapies. 

Based on the above, it should be understood that TASK, as a new potassium channel, 
has numerous uses as a target for drug therapy. A specific utility for TASK is the above- 
mentioned treatment of neurodegenerative diseases involving ischemia or anoxia. As of the 
accorded priority date of the application (August 4, 1998), it was known that hypoxia-induced 
hyperpolarization, which can protect neurons from ischemia through membrane stabilizing 
action, is mediated by an increase in potassium conductance. Fujimura, N., supra. Further, it 
was known that potassium channel activators can have positive effects on ischemic events in 
the mammalian brain. Takaba, H (1997) An ATP-sensitive potassium channel activator 
reduces infarct volume in focal cerebral ischemia in rats, Am J Physiol 273(2 Pt 2):R583-6. 
Significantly, it has been recognized that the ability of a neuron to function properly is 
dependent on the regulation of its transmembrane ionic gradients and resting potential, and that 
studying the effects of hypoxia in a variety of species may lead to clinical strategies to limit the 
impact of hypoxia on the human central nervous system. Corronc, H., et al (1999) Ionic 
Mechanisms Underlying Depolarizing Responses of an Identified Insect Motor Neuron to 
Short Periods of Hypoxia J Neurophysiol 81(1):307-18. As such, it is well established that 
potassium channels are suitable targets for drug therapies to treat the above-noted human 
diseases, and especially neurodegenerative diseases involving ischemia or anoxia. Thus, one 
skilled in the art would recognize that TASK, as a new member of the class of potassium 
channels, is a good target for drugs aimed to treat these diseases. In fact, in the short time 
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since this patent application was filed, it has already been recognized by others that TASK is 
such a target, supporting the assertions of utility made in the application as filed. "[S]ince 
TASK-1 appears to be a major determinant of cell input resistance and membrane potential, its 
specific inhibition by acute hypoxia is likely to be a major contributory factor in the overall 
response of neurons during infarction; as such, it represents a potentially important therapeutic 
target for treatment of conditions characterized by ischemia/hypoxia, such as stroke." Plant, L. 
(2002) Hypoxic Depolarization of Cerebellar Granule Neurons by Specific Inhibition of 
TASK-1, Stroke 33(9):2324-8.^ Other medicinal uses for TASK have also been found. See, 
e.g., Warltier, D. (2001) "Anesthetic-sensitive 2P Domain K+ Channels" Anesthesiology 
95:1013-21. 

In light of the foregoing, it is respectfiilly requested that the rejection based on 35 
U.S.C. § 101 be reconsidered and withdrawn. A copy of each article cited above is enclosed 
for the Examiner's convenience. 

Claim Rejections Under 35 U.S>C. $112, first paragraph 

Applicants also acknowledge the Examiner's rejections of claims 9-15 under 35 U.S.C. 
112, first paragraph. This rejection follows fi"om and is dependent upon the §101 rejection 
discussed above, stating, in essence, that one skilled in the art would not know how to use the 
invention because an appropriate utility has allegedly not been established. For the reasons set 
forth above, the application does, in fact, set forth sufficient utility. Thus, it is respectfiilly 
requested that the §1 12 rejection also be reconsidered and withdrawn. 



* TASK, as used in the application, is now known in the literature as TASK-1. Reyes, et al. (1998) Cloning and 
Expression of a Novel pH-sensitive Two Pore Domain K^ Channel from Human Kidney, J. Biol Chem 273(47) 
30863, 30864.) 
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Claim Rejections Under 35 U,S,C. S102 

Applicants acknowledge the Examiner's rejections of claims 9-14 under 35 U.S.C. 
102(a) as being anticipated by Leonaudakis et al. (J. Neoroscience 1998 Feb; 18(3):868-877). 
It is respectfully submitted that the Applicants invented the presently claimed subject matter 
before the publication of Leonaudakis. The Combined Declaration of Fabrice Duprat, Florian 
Lesage, Michel Fink and Michel Lazdunski Under 37 CFR §§ 1.131 and 1.132 is submitted 
herewith in support of this fact. The portion of the Combined Declaration sub-captioned "37 
CFR § 1.131" establishes that the Applicants conceived and reduced to practice the invention 
prior to the publication of Leonaudakis, The Applicants also memorialized the actual 
reduction to practice and published same in the form of a pier-reviewed article (the Duprat 
article - see below) before the publication of Leonaudakis. In fact, Leonaudakis cites the 
Duprat article and indicates that the Duprat article was published earUer, incontrovertibly 
establishing the Applicants' invention of the presently claimed subject matter prior to the 
publication of Leonaudakis. Thus, Leonaudakis is not prior art under § 102(a), and the present 
rejection must be withdrawn. 

Applicants also acknowledge the Examiner's rejections of claims 9-15 under 35 U.S.C. 
§ 102(a) as being anticipated by Duprat et al (EMBO J 1997 September; 16(17): 5464-5471). 
The Combined Declaration of Fabrice Duprat, Florian Lesage, Michel Fink and Michel 
Lazdunski Under 37 CFR §§ 1.131 and 1.132 also establishes that the Duprat article represents 
the Applicants' own work. In addition to the Applicants, Roberto Reyes and Catherine 
Heurteaux are co-authors of the Duprat article. As set forth in the section of the Combined 
Declaration sub-captioned "37 CFR § 1.132", Roberto Reyes and Catherine Heurteaux acted 
under the direction and supervision of the AppUcants, and made no inventive contribution to 
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the subject matter described in the Duprat article that is now claimed in the application. As 
such, the work described in the Duprat article is not "to another", and is not prior art against 
the application. In reKatz, 215 USPQ 14, 18 (CCPA 1982). 

For the reasons established above and supported by the accompanying Combined 
Declaration, it is respectfully requested that the rejections under 35 U.S.C. §102 be 
reconsidered and withdrawn. 

Li view of the foregoing. Applicants respectfully submit that the application is now in 
condition for allowance, which action is respectfully requested. 



Paul Carango 
Reg. No. 42,386 
Attorney for Applicants 




PC:SAN:pam:vbm 
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We, Fabrice Duprat, Florian Lesage, Michel Fink and Michel Lazdunski, hereby 
declare as follows: 

1 . We are the inventors of the subject matter claimed in U.S. Pat. App. No. 09/939,484 
(hereinafter "the application"). 

2. We are familar with the application, including the claims, and have reviewed the Office 
Action issued on April 20, 2004 with respect thereto. We have also reviewed the 
references cited in the Office Action as bases for rejection under 35 U.S.C. § 102(a), 
namely Duprat, F, et aL (1997) "TASK, a human background channel to sense external 
pH variations near physiological pH" EMBO 1.16:5464-5471 (hereinafter "the Duprat 
article"), and Leonoudakis, D, et aL (1998) "An Open Rectifier Potassium Channel with 
Two Pore Domains in Tandem Cloned from Rat Cerebellum" J. Neurosci 18(3):868-877 
(hereinafter "Leonoudakis"). 



3. We (Fabrice Duprat, Florian Lesage, Michel Fink and Michel Lazdunski) and Roberto 
Reyes and Catherine Heurteaux are co-authors of the Duprat article. Roberto Reyes and 
Catherine Heurteaux are not named as co-inventors of the application. 



Dear Sir: 



37 CFR § 1.132 



4. The subject matter described in the Duprat article, including that which is now claimed in 
the application, represents our work. 

5. Roberto Reyes and Catherine Heurteaux acted, at all relevant times, under our direction 
and supervision. 

6. Roberto Reyes and Catherine Heurteaux made no inventive contribution to the subject 
matter described in the Duprat article that is now claimed in the application. 

37CFR$ 1.131 

7. Leonoudakis was pubhshed on or about 1 February 1988. We invented the subject matter 
claimed in the application before the publication of Leonoudakis. 

8. Leonoudakis cites to the Duprat article, and indicates that the Duprat article was published 
before Leonoudakis. {See Leonoudakis, pg. 868, last paragraph of the Introduction.) 

9. The Duprat article represents objective evidence that we conceived and reduced to practice 
the ideas that are now in claimed in the application, before the publication of Leonoudakis. 

10. The sole independent claim in the application is directed to an isolated and purified protein 
of SEQ ID No: 4, or a functionally equivalent derivative having at least 85% identity to 
SEQ ID No: 4, and said functionally equivalent derivative having a potassium permeable 
channel comprising more than one P domain and three, four, five or more than six 
transmembrane segments. 

11. The methods we used to identify, clone, isolate and purify SEQ ID No: 4 and the 
functionally equivalent mouse protein having 85% identity to SEQ ID No: 4 are described 
in the Materials and Methods section of the Duprat article, and the outcome of these 
experiments was presented in the Results section of the Duprat article. See, for example, 
the Duprat article on page 5465 in the first partial paragraph of column 2. 

12. We, or individuals working under our direction and supervision, did, in fact, perform each 
of the steps reported in the Duprat article to successfully isolate and purify a protein of 
SEQ ID No: 4 and a functionally equivalent derivative having at least 85% identity to SEQ 
ID No: 4, where said functionally equivalent derivative had a potassium permeable channel 
comprising two P domains and four transmembrane segments, before the publication of 
Leonoudakis. 



Each of us hereby declares that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 




FABRICPlJUPRAT 



Date 





Wi 




Ja 24 



Date 





Date 



MICHEL LAZDUNSKI 




Date 




ELSEVIER; 



International Journal of 

ca rdiology 



International Journal of Cardiology 61 (1997) 209-219 

Review Article 

Cardiac potassium currents and channels 
Part I: Basic science aspects 



Jean- Jacques Monsuez* 

Department of Internal Medicine, Hopital Paul Brousse, 12 avenue Paul Vaillant Couturier 94804 Villejuif Cedex Paris, France 



Received 15 January 1997; accepted 3 July 1997 



1. Introduction 

Recent advances in molecular biology and voltage- 
clamp techniques have resulted in dramatic improve- 
ments in our imderstanding of cardiac potassiimi 
channels and cardiac potassixmi currents. Potassium 
currents play a key-role in cardiac electrophysiology 
at resting membrane potential and during the action 
potential (AP) of cardiac cell in normal and ischemic 
myocardium. 

An increasing number of cardiac K"*^ currents have 
been recognized and are new targets for pharmaco- 
logical intervention. There is also a growing body of 
evidence to show that cardiac currents are 
impaired in disease, especially in heart failure, car- 
diac hypertrophy and congenital long QT-syndrome. 

This article is a comprehensive review of the role 
of currents from cardiac physiology to their 
clinical implications. 

This first part is devoted to basic science and 
includes a review of: 

— K"*" currents involved in maintaining the resting 
potential (IRKl, Na-K pump, IK^^a), 

— Repolarizing K"^ currents (IK^ and IK^, Ito,, 
IK„r, IKp and SR-K), 

— Regional differences in repolarization, 

*Tel.: +33 1 45593038; Fax: +33 1 45593788 



— Respective roles of currents during repolari- 
zation in normal and ischemic myocardium, 

— Molecular structure of K"*" channels. 



2, Resting potential 

At resting potential (F^), cardiac cell membranes 
are polarized, exhibiting positive charges outside and 
negative charges inside the cell. The resulting nega- 
tive resting potential is maintained by the Na^-K**^ 
pump which exchanges three intracellular Na"^ for 
two extracellular K"^ ions, and by the higher mem- 
brane permeability (conductance) for than for 
Na"^ ions. Due to the unbalanced gradients of these 2 
ions across the membrane, the resting potential (K^= 
-80 mV) is set close to the equilibrium (or reversal) 
potential for potassium (£,. = - 94 mV). Thus, at 
restmg potential, the driving force for loss is low 
(Jr— £'k~6 potassium channels conduct only 

little current despite a relatively high conductance 
(gK"*^) for potassium. 

2J. IRKl or IK J current 

This potassium current, also known as the inward 
rectifier potassium current IRKl or IK,, maintains 
the resting membrane potential near the equilibrium 
potential for K"^. 
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At negative membrane potentials above its reversal 
potential (-94 mV), IRKl passes an outward K"*" 
current with a significant conductance. This outward 
current drops to very low levels at voltage positive to 
-40 mV. This inward rectification occurs because 
IRKl channels close when the membrane potential 
reaches positive voltages (Fig. 1). In other words, 
IRKl shuts off during cell depolarization. The 
characteristics and kinetic properties of the human 
atrial and ventricular IK, channels have been re- 
ported [1]. Both atrial and ventricular myocytes 
exhibit weak inward rectification, but the averaged 
current- voltage plots of atrial and ventricular IK, 
differ slightly as a prominent negative slope region at 
potential between -40 and +20 mV is only seen in 
ventricular myocytes (Fig. 1). 

Inward rectification was mitially thought to result 
firom the blockade of the outward K"*^ current by 
intracellular magnesium (Mg"^"*^), since, in its ab- 
sence, IK, demonstrated a linear current-voltage 
relationship [2]. More recently, inward rectification 



has been shown to be generated not by Mg^^ block, 
but by cytoplasmic polyamines, the most potent of 
which is the tetravalent polyamine spermine. This 
intrinsic modulation may have important implications 
since cardiac hypertrophy is associated with increased 
excitability and elevated polyamine levels [3], As the 
spermine block determines the trigger threshold for 
depolarizing currents, this compound may partly 
control cardiac excitability [4]. 

Recognition of the role played by intracytoplasmic 
polyamines may also have pharmacological implica- 
tions since future drugs that can lower polyamine 
levels will decrease K"*^ conduction only aroimd the 
resting potential (i.e. stabilize it), without shortening 
the action potential duration (and, in turn, the re- 
fractory period). 

Conversely, at membrane potentials more negative 
than -94 mV, IRKl reverts to an inward current. The 
large inward conductance at membrane potentials 
below the equilibrium potential for potassium pre- 
vents excessive hyperpolarization potentially gener- 



outwaro *p 

^ (inU acellular Mg++ or polyamine depletion) 




V(mV) 



Fig. K Current-voltage plot of the inwardly rectifying potassium currents IK, and IKj^^p)- I" absence of intracellular Mg^'^.the inward rectification 
was previously reported to disappear and IK, to show linear current-voltage relationship [2], The changes of channel properties underlying the strong 
inward rectification of IK, are in fact largely determined by intracellular polyamines (spermine) levels [4]. At voltages negative to -80 mv, the slope 
conductance of IK, is greater in ventricle than in atrium. Between -40 and -20 mv, inward rectification result in a negative slope of the ventricular (but 
not atrial) current-voltage curve (From refs. [1,2,4,16]). 
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ated by the electrogenic Na-K pump [5,6]. Thus, the 
IRKl current helps to keep the resting membrane 
potential close to the equilibrium potential for K"". 

The magnitude of IRKl current depends on the 
extracellular ion concentration.The conductance 
of^IRKl channels increases with rising extracellular 
K concentration, resulting in a shortened AP dura- 
tion. Conversely, low extracellular K"^ ion concen- 
trations decrease the magnitude of IRKl, resulting, in 
tum,in prolonged repolarization [5]. 

A cDNA encoding the IRKl channel has recently 
been cloned and functionally expressed in Xenopus 
oocytes [6], 

2.2. l^a-K pump and IK^^^^ 

By extruding three intracellular Na"" in exchange 
for two extracellular K^, the Na^-K^ pump main- 
tains steep Na^ and K"" concentration gradients, 
inward for Na^ and outward for K"" and in the 
process generates a small outward current. This 
current is relatively stable during the cardiac cycle 
and is termed the electrogenic Na'^-K'" pump cur- 
rent. Under physiological conditions, the pump works 
at only a small fraction of a ten-fold-higher Na"^ 
extrusion capacity, which allows regulation of in- 
tracellular Na^ concentration. 

Blockade of the Na^-K^ pump, e.g by digitahs, 
increases the level of intracellular sodium. Increased 
intracellular Na^ concentrations have been reported 
to act on a Na'^-sensitive-K"^ channel resulting in an 
increased Na^ dependant K'' current, known as the 
current [7]. Activation of this channel, when 
the Na -K^ pump is inhibited, contributes to the 
shortening of the QT interval in patients receiving 
digitalis [7]. Also, it has recently been stressed that 
the intracellular Na^ threshold of IK^^,^ may be 
substantially lower when the Na'^-K'' pump is 
blocked. However,whether this will lead to oppor- 
tunities for developing new therapeutic approaches in 
heart failure remains a subject of debate. Neverthe- 
less, most observers feel that IK^^^^^ is not a signifi- 
cant player except under very unusual circumstances 
probably incompatible with life [8]. 

^f^(Ado, Ach) current 
Acetylcholine (Ach) and adenosine (Ado) act on 
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the same potassium-channel through two different 
receptors, the muscarinic -receptor and the A, 
adenosine (purinergic) receptor, resulting in an in- 
creased conductance for K"^ ions through IK^^^^ ^^^^ 
channels of both sinoatrial (SA) node, atrioventricular 
(AV) node and atrial cells [9]. 

Thus, stimulation of IK^^^^^ channels results in a 
resting hyperpolarization of SA and AV nodes and 
atrial cells. Also, IK^^^^^ current slows the SA 
spontaneous depolarization rate, thus decreasing auto- 
maticity. Acetylcholine binding elicits a sequence of 
intracellular events via a GTP regulatory protein 
(called Gk) signal transduction. Acetylcholine acti- 
vates the IK^^^j,) channels via Gp7 subunits of GK, 
that interact with the K"^ channel [8]. Application of 
a G-protein peptide inhibitor, called peptide G, 
results in a progressive decline in the IK^^^^. channel 
opening probability [10]. 

Acetylcholine causes an increase in the open-time 
of the muscarinic K^ channel during the onset of 
activation, thereby shortening the action potential 
duration (APD). 

Acetylcholine has been reported to desensitize 
IK^(Ach) [11] by intracellular factors such as Me^"^- 
ATP [10]. 

Recently, it has been shown that adenosine, which 
is released into the extracellular spaces during is- 
chemia and exerts vasodilatory effects on coronary 
arteries, can activate IK^^^o, Ach) channels. This action 
is mediated by A, -adenosine receptors and results in 
a shortening of atrial but not ventricular APD [12]. 
Also, adenosine can activate the K^^-p. channel in the 
ventricle [13]. 

2 A, Ij^ current or pacemaker current 

The If current, which is promoted by membrane 
hyperpolarization, is only partly of potassium origin 
[14]. Its activation, which occurs at membrane po- 
tentials, below -80 mV, generates an inward current 
through a relatively nonspecific cationic channel in 
SA and AV node cells and HisPurkinje cells that 
depolarizes the cell membrane and plays a key-role in 
cardiac automaticity. 

If current is modulated by intracellular calcium 
concentrations and by cAMP and adrenergic stimula- 
tion that shift its activation threshold to higher 
voltages. Conversely, acetylcholine shifts the activa- 
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tion zone to somewhat more negative voltages and 
results in an inhibition of the 1^ current. Also, 
pharmacological inhibition of 1^ has been achieved by 
zatebradine, a new specific bradycardic agent that 
blocks sinus tachycardia [15]. 

Both If and IK^acH) currents are present in sinoatrial 
(SA) cells and may be involved in the regulation of 
the heart rate via acetylcholine stimulation. In con- 
trast to the IK^Ach) current which is quickly desensit- 
ized, If remains stable over time and is not time- 
inactivated [11]. Also, it has recently been reported 
that acetylcholine affects If at concentrations lower 
than those required to affect IK^^^h)* resulting in a 
more prominent role of this former channel in the 
vagal control of heart rate [11]. Finally, SA nodal 
automaticity is mediated in part by deactivation of IK 
(see below). 

2.5. IK^xTP) current 

In 1983, Noma described a channel which is 
activated when cytosolic ATP falls below a critical 
level [16]. Since then, ATP-sensitive currents, 
I^(ATP)>have been increasingly shown to play physio- 
logical and pathological roles. Whereas they are 
inhibited by physiological concentrations of ATP, 
they open when cytosolic ATP concentrations de- 
crease, resulting in a major outward potassixun ciu*- 
rent whose magnitude may be larger than that of IKj . 

Also,the IK^AT-pj channels distinguish themselves 
by several electrophysiological patterns. Short and 
infirequent opening occurs at normal intracellular 
ATP concentrations, with complete opening occur- 
ring in ATP-depleted cells. Unlike IRKl, IK^^^p^ 
exhibits only weak inward rectification for positive 
membrane potentials (Fig. 1). For these reasons, 
I*^(ATP) persists throughout the action potential and 
during the whole cardiac cycle [16,17]. 

2.6, Resting potential electrogenesis : Roles of the 
potassium currents 

Potassium currents and their related regulatory 
pathways vary widely fi*om one animal species to 
another and firom one cardiac tissue to another, 
despite striking evidence of phylogenic structural 
homology, which is conserved from a billion years 
ago [18]. 



In humans, patch-clamp techniques showed that 
58% of patches isolated fi-om atrial cells contain 
IK^Ach) channels, 16% IK^^do) channels and 18% IK, 
channels. Half the patches share IK^^tp) channels, 
which are closed in physiological conditions but are 
activated with the inside-out configuration of patches 
or after depletion in intracellular ATP. 

Apart from the Na'^-K'^ pump, it is the inward 
rectifier potassium current IRKl that extrudes most 
potassium flux across the membrane at baseline 
physiological conditions in humans. 

Its conductance is responsible for maintaining the 
resting potential, especially in the ventricle because 
the percentage of patches in which IK, channels are 
isolated is 2.5-fold greater m ventricle than in atrium 
[1]. In contrast, little potassixmi current passes 
through the IK^^^,^) channels which are almost all 
closed at rest in physiological conditions [19]. 

3. Action potential and repolarization 

Depolarization of myocyte cell membranes (+10 
to +20 mV) during the action potential activates 
voltage-gated K"*" channels generating outward potas- 
sium currents responsible for the subsequent cell 
repolarization. Thus, both duration and configuration 
of the cardiac AP are governed by a variety of 
outward currents during the depolarization phase of 
the action potential (Fig, 2). 

Several outward K^ currents have been identified 
in cardiomyocytes. Most are voltage-activated. 
Others, that are calcium activated, respond to in- 
creased cytosolic calcium concentrations, i.e they 
open as a result of calcium release from the sarcop- 
lasmic reticulum. 

3 J. Delayed rectifier outward current or IK 

The delayed rectifier outward K"^ current, also 
known as the IK current, is activated upon depolar- 
ization. It represents the heart's main repolarizing 
current. IK activates slowly at potentials near the 
plateau values ( + 10 to +20 mV), whereas it provides 
the major contribution to repolarization as the mem- 
brane potential becomes more negative from the 
plateau voltage through -40 mV [20]. 

The IK channel, also called K^ (voltage-gated), 
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Fig. 2. Repolarizingjwtassium currents involved in the action potential configuration. The action potential duration (APD) is determined by IK (IK +IK ) 
whereas ito„ the K transient outward current, is responsible for the phase two plateau level (arrows). In M cells, dramatic prolongation of APD (dashed 
lines), promoted by hypokalemia or by a slow stimulation rate, results in an early afterdepolarization (EAD) that may elicit subsequent triggered activity 
(from refs. [40-42]). n j 



opens with cell depolarization, thus eliciting an 
outward current, IK, that is enhanced by isoproterenol 
and the protein-kinase A system through a G protein 
(Gs) and decreased by p-adrenergic blocking agents. 
Indeed, the channels that pass the IK current are 
modulated by cyclic AMP via the Gs protein, re- 
sulting in protein kinase A activation and phosphoryl- 
ation of the channel, thereby increasing its probability 
of being open. In addition, IK is modulated by cyclic 
guanosine monophosphate cGMP and the protein 
kinase C. 

A number of other regulating factors have been 
documented. IK is controlled by cytosolic calcium 
concentrations, being increased by calcium release 
from the sarcoplasmic reticulum, i.e., soon after the 
onset of the AP [21]. 

More recently, endothelin, a vasoactive peptide, 
has been demonstrated to enhance IK in guinea pig 
ventricular myocytes. This increase in IK is brought 
about via phospholipase C mediated protein kinase C 
activation and increased intracellular calcium [22]. 

The delayed rectifier K"*^ outward current IK has 
been shown to play a major role in repolarizing the 



cardiac AP and it therefore governs the APD. Thus, 
factors that enhance IK shorten the APD and, con- 
versely, inhibition of IK results in a lengthened APD 
and an increased refractoriness [23]. 

Pharmacological blockade of IK has been shown to 
underiie the increase in APD produced by class III 
antiarrhythmic agents. Indeed, a number of such 
drugs that block IK either selectively, such as sotalol 
and dofetilide [20], or less selectively such as 
amiodarone, flecainide or profafenone [21] are effec- 
tive in the treatment of clinical arrhythmias. Also, 
flecainide and E 403 1 are potent blockers of IK in cat 
ventricular myocytes [23]. 

On the other hand, P-adrenergic receptor stimula- 
tion, which shortens the APD by enhancing IK, 
increases the likelihood of atrial reentry [23-25]. 

In 1969, Noble and Tsien suggested, with evidence 
obtained from a mathematical model, that the delayed 
rectifier outward current, at this time known as the 
"Ix" current, resulted from the addition of two 
different components called Ix, and Ixj [20]. This 
suggestion has since been substantiated by the identi- 
fication of a fast component (IK^), which exhibits 
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inward rectifying properties, and a slow component 
(IK J which does not rectify [21,26]. 

Moreover, IK has been pharmacologically sepa- 
rated into a rapidly activating component, IK^, and a 
slowly activating component IK3, that is dramatically 
enhanced in conditions of high sympathetic activity 
and is similar to the classically described IK [26]. 
Finally, IK^ activates at more negative potentials than 
IK3 [26]. 

Dofetilide is a potent methane sulphonamide anti- 
arrhythmic agent that attenuates IK^. Amiodarone and 
sotalol block IK^. In contrast, clofilium and quinidine 
inhibit IK, and IK, [24]. 

Recently, using the patch-clamp technique in an 
animal model, Furukawa et al. showed that epicardial 
myocytes manifest slower rates of deactivation of IK, 
compared with endocardial myocytes. This phenom- 
enon may provide a substrate for arrhythmogenicity 
or, at least, heterogeneity of repolarization throughout 
the myocardium [27]. 

3,2. Transient outward currents 

Whereas IK currents, are responsible for cardiac 
repolarization during phase three of the AP, the 
transient outward currents (It^^) that occur early 
during phases one and two of the AP contribute to the 
generation of the spike and dome configuration of the 
AP and to the magnitude of the plateau level voltage. 

Until recently, transient outward currents have only 
been dociunented in humans in atrial cells [28]. Two 
components have been demonstrated by Coraboeuf 
and Carmeliet [29], The first, a brief outward current, 
known as Ib^, is in fact a chloride-calcium activated 
current [28]. The second, however, is a longer lasting, 
true potassium, transient outward cxurent, designated 
11^,, which is blocked by 4-aminopyridine (4AP) 
[29,30]. Although 11^ (also called ItOj) has a longer 
duration than Ib^, (or ItOj), both currents inactivate 
rapidly and both are likely to be fblly inactivated 
before the onset of phase three of the AP [31]. In 
addition, Ito, is the only K^ current in the heart that 
shows voltage dependent inactivation [27]. 

Ito, is responsible for the early repolarization 
(phase one) of the AP, during which the spike 
potential runs out smoothly in a plateau phase (phase 
two) in ventricular endocardial cells. In contrast, the 
Ito, -mediated phase one contributes to the generation 
of the spike and dome configuration to the ventricular 



AP that is very prominent in epicardial cells [31]. 
(Fig. 2). 

Recently, this early repolarization of the AP has 
been shown to disappear in cells surviving chronic 
infarction. In an animal model of myocardial infarc- 
tion, Lue et al. demonstrated that this pattern was due 
to the impairment of Ito, [32], Also,the resulting 
prolongation of the AP has been reported to contrib- 
ute to the arrhythmogenic substrate of coronary artery 
occlusion related ventricular arrhythmias [33]. 

The channel that passes Ito, known as the RK5 
channel, has recently been cloned and characterized 
[34]. Nevertheless, there is still controversy as to 
what encodes Ito, (K^ 4.2 or K^ 1.4). 

In a recent study, Wang et al. demonstrated the 
presence of another potentially important repolarizing 
current in human atrial myocytes. This "very rapidly 
activating delayed rectifier K^ current" shows lim- 
ited slow deactivation and is therefore referred to as a 
"sustained" current or I^^, [35]. I^^,, is insensitive to 
TEA, Ba^ and dendrotoxin, but is sensitive to 4AP. 
Thus, Ijj^jg is a K^ current that can be distinguished 
from both Ito, (from which it differs by voltage 
dependent inactivation patterns) and IK (sensitivity to 
4AP). The kinetic properties of \^^^ resemble those of 
the potassium channel encoded by the K^ 1.5 group 
of human cardiac cDNAD libraries [36]. According- 
ly, it has been suggested that I^^^ may be the native 
counterpart of K^ 1.5 channels cloned from human 
cardiac tissues [35,36]. Recently I^^,^, also known as 
IK^r (ultra-rapid) has been shown to be modulated by 
adrenergic stimulation. Isoprenaline and other 
stimulators of protein kinase A enhance, while 
phenylephrine inhibits, IK^,^ in human atrial cells. 
Thus, its autonomic regulation may play a significant 
role in controlling the occurrence of reentrant atrial 
arrhythmias [37]. Pharmacologically, block of IK„^ 
may be achieved by zatebradine, a new bradycardic 
agent that also inhibits the hyperpolarization-acti- 
vated current If [15]. 

Another recently described plateau K^ current, 
IKp, has been thought to play an important role in 
late phase two repolarization and in determining the 
shape of the plateau [38]. 

33. SR-K currents 

The release of stored calcium from the sarcoplas- 
mic reticulum as the AP is initiated, generates the 
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activation-contraction coupling. Calcium release from 
SR is associated with a K"*" countercurrent entering 
the SR cistemae, across the SR-K channel to main- 
tain electroneutrality. 

This channel is controlled by the amount of 
calcium stored within the SR. It opens as the stored 
calcium decreases, i.e. after calcium-induced calcixim 
release across the ryanodine receptor of the SR and, 
conversely, it closes as the calcium pooled in the SR 
increases, i.e. when the Ca^'^^-ATPase mediated 
calcium reuptake initiates the relaxation [39]. 

Thus, this unique control mechanism is triggered 
by the cyclic activation of the SR. 

3,4. Respective roles of cardiac K'^ currents in 
repolarization and regional differences in 
repolarization 

Although the kinetic properties of most repolariz- 
ing K"*" currents have been extensively reported, their 
relative importance in determining AP shape and 
duration remains controversial. Using a theoretical 
model of ventricular action potential, Zeng et al. 
showed that IK^ is the major outward current con- 
tributing to cardiac repolarization in guinea pig. A 
>80% block of IK^ results in APD prolongation and 
early after depolarization whereas IK^ can be com- 
pletely blocked without similar effects [40]. In the 
same model, IK, becomes more prominent at the end 
of the action potential, controlling the return to the 
resting membrane potential [40] (Fig. 2). 

On the other hand, a recent study of cardiac K"*" 
channels by Konarzewska et al. showed that the 
major repolarizing currents in normal human ven- 
tricular myocytes are IK, and Ito,. Moreover, there is 
a regional variability in the magnitude of Ito,. A 
large transmural gradient has been documented across 
the left ventricle, where Ito, is two times greater in 
subepicardial than in subendocardial myocytes [41]. 
Cells with different morphologies and varying Ito, 
and IK levels were also demonstrated by Antzelevitch 
[42] and Drouin [43] in the normal ventricular 
myocardium, including midventricular M cells which 
are prone to dramatically prolong their AP in re- 
sponse to hypokaliemia, slowing heart rate or block 
of IK, [42,43]. 

The kinetic properties of Ito, in right ventricular 
septum subendocardial cells are closely related to 
those of their subepicardial (rather than subendocar- 



dial) left ventricular free wall counterparts, thus 
suggesting a possible electrophysiological substrate 
for the fimctional similarity of these two regions that 
form the outer wall of the left ventricular chamber 
[41]. 



4. Ischemia 

Ischemia results in myocardial potassium loss and 
in increased extracellular K"** levels. Two mecha- 
nisms have been suggested: an mcrease in K"^ 
conductance (gK^) and/or a small inward current 
causing slight depolarization of the resting potential 
[44]. 

4,1. Increased potassium conductance 

The IK^^T-p) channels may have particular impor- 
tance in the K"^ efflux of early ischemia. As they are 
also open during the AP, they participate in the 
shortening of the AP associated with ischemia [16]. 

The magnitude of IK^atp) has been shown to be 
correlated with tissue levels of ATP. Intracellular 
ATP depletions as limited as 25% have been reported 
to enhance IK^atp) [^5]. Nevertheless, the ATP levels 
observed during acute ischemia are generally above 
those required to keep the IK^^^p^ channel closed 
[19]. Such discrepancies could be explained by recent 
findings concerning IK^atp) current modulation. Low- 
ering intracellular pH and increasing lactate levels 
have been reported to promote the IK^^^p^ current. As 
the intracellular pH falls quickly in early ischemia, 
such a stimulating effect of H"*" on IK^^^p) could 
promote K"*" efflux at higher concentrations of ATP 
[46]. 

The IK(^Tp) channels are modulated by several 
pharmacological agents: they are inhibited by sul- 
phonyliireas (glibenclamide and tolbutamide) and, 
conversely, they are activated by aprikalim, 
cromakalim, pinacidil and nicorandil. 

Generation of oxygen free radicals, especially OH , 
also elicits the IK^^^-p^ channel opening. This activa- 
tion could not be prevented by glibenclamide, even at 
high concentrations, thus suggesting a distinct mode 
of action of the oxygen free radicals on the channel 
[47]. 
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However, the view that opening of K^^p channels 
in response to ischemia plays a role in increased K"*^ 
efflux has been criticized. Involvement of other K"^ 
channels has been advocated. Lysophosphatidylcho- 
line and long chain acylcamitine resulting from 
membrane phospholipid metabolism rapidly accumu- 
late in early ischemia and activate the arachidonic 
acid activated K"^ channel (I^aa) the phos- 
phatidylcholine activated K"*" channel (Ikpc)i both 
also being very sensitive to ischemia-induced low pH 
[43,48]. 

4.2, Inward currents associated with potassium loss 

The second mechanism involves inward currents 
associated with K"*^ loss. Indeed, the increase in K"*" 
efflux during ischemia is not only combined with a 
counter ion movement but may also be induced by 
such an inward current. Several hypothesis have been 
proposed. As sodium accxmiulates shortly after the 
onset of ischemia, the voltage-sensitive sodium chan- 
nel, the nonselective cation channel and the Na^/ 
Ca^"^ exchange (1 Ca"*^^ out, 3 Na"^ in) are suggested 
(review in [43]). 

4.3. Coronary blood flow 

Finally, recent studies have suggested that changes 
in myocardial oxygen tension with metabolic medi- 
ators such as adenosine may play an important role in 
local control of coronary blood flow. Katsuda et al. 
showed that blockade of vascular K^^-p channels with 
intracoronary glibenclamide in anaesthetized dogs 
inhibited the coronary vasodilatation induced by 
pacing tachycardia without altering the tachycardia- 
induced increase in myocardial oxygen consumption. 
This suggest a key-role of K^tp channels in the 
mechanisms mediating regulation of coronary blood 
flow associated with increased myocardial oxygen 
consumption [49]. Also, the involvement of K^^p 
channels in the local control of coronary blood flow 
does not rule out a role for adenosine, since adeno- 
sine has also been shown to open these channels 
[12,13,50,51]. Moreover, vasodilatation elicited by 
adenosine and other cAMP-dependent mechanisms 
has been reported to result from opening of endotheli- 
al K^^p channels and the subsequent hyperpolariza- 
tion which,in tum,promotes NO formation [52]. 



5. Structure of potassium channels 

Recent advances in molecular biology have high- 
lighted the structure and function of different types of 
potassium channels. Several cDNA codings for K"^ 
channels have been cloned and subsequently ex- 
pressed in Xenopus oocytes and other expression 
systems allowing further electrophysiological studies 
using patch-clamp technique. Moreover, the molecu- 
lar basis of some channel behaviour has also been 
accurately defined by directed mutagenesis that has 
clearly identified many regulation sites [18,53,54]. 

Both structure and function of the channel passing 
IK, have been characterized by this approach [6], 
leading to revision of the previously held concept of 
structural uniformity of the channels. In fact, 
there are two main types of channels (Fig. 3). 

5.7, Voltage-gated channels (K^) 

The first group includes all voltage-gated 
channels (K^ family channels). They are composed of 
four identical a-subunits, each containing six a-heli- 
cal hydrophobic segments spanning the cell mem- 
brane designated S, through to S^ and four hy- 
drophillic |3-subunits associated with the a-subunit on 
the cytoplasmic side of the membrane [6,52]. A large 
H5 peptide loop intervenes between the segments Sj 
and Sg of each a-subunit. The loops between trans- 
membrane segments Sj and S^ with the homologous 
H5 coimterpart of the remaining three a-subunits are 
thought to form the outer part of the pore through 
which ions cross the membrane [6,18,54]. Certainly 
other regions contribute to the inner mouth. Muta- 
genesis has confirmed the presence of multiple 
potassium binding sites arranged in a single line [54]. 

The S4 transmembrane segment is the voltage- 
sensor and is conmion to all voltage sensitive chan- 
nels, e.g. the sodium channel [18,53,54]. 

The transmembrane segments S,, Sj and S3 vary 
one from another for each voltage-gated K"^ channel 
[6]. 

A large N-terminal peptide sequence prolongs the 
S, transmembrane segment of all voltage-gated K"^ 
channels. In many of them, it forms the inactivation 
ball peptide and its chain that produces fast inactiva- 
tion in many channels. TTiis major structure is 
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V6ltage.gat€^-K* Channel Inward rectifier K+ channel 

extraceltular 






Fig, 3. Membrane arrangement of the two types of potassium channels. 
Both voltage gated channels (K^) and IRKj are made up of four 
a-subunits with an inner core sequence (the H5 loop intervening between 
the segments 85-8^ or Mj-MJ that constitute the channel pore. The 
voltage gated channel, K^, distinguishes from IRKj by the voltage sensor, 
84, by the segments S,, 83 and 8,, and by a longer N-terminal peptide 
sequence (phosphorylation sites). Reprinted with permission from Nature 
(ref. [6]). Copyright (1993) Macmillan Magazines Limited. 

also likely to contain many other regulatory and /or 
phosphorylation sites [6]. 

5.2, Inward rectifier channels (K^J 

The second group of channels (Kj^ family 
channels) includes the short N-terminal amino-acid 
sequence channels such as those passing IK,, 
IK(ATP) [6,54-56] and IK^^,,^ [57]. 

The structure of IK, has been determined. As a 
result of the deletion of the N-terminal chain, these 
channels harbour fewer phosphorylation sites than the 
voltage-gated K^ channels. However, some homol- 
ogy in the pore region is observed. Like their 
coimterparts, they are made up of four a-subunits but 
unlike the K^ channels, each subxinit contains only 
two hydrophobic segments, designated M, and Mj. 
These two segments, between which intervenes the 
H5 loop, are homologous to the S 5 and S6 segments 
and form the K"^ selective pore. The transmembrane 



S4 segment is deleted (there is no voltage sensor) as 
are the segments S,, and S3. Whether inwardly 
rectifying channels also contain p-subunits is not 
known [54]. 

The structures of K^^p and K^^^,,) channels are 
more complex. K^.^p channels are formed by co- 
expression of a Kj^ channel (K^^ 6.1), also designated 
BIR O-cell inward rectifier family), with the sul- 
phonylurea receptor protein SUR, a large membrane 
protein (140 to 170 kD) which is a member of the 
ATP-binding cassette superfamily and functions as 
the ATP and ADP sensor that modulates the channel 
[55,56]. 

Also, the molecular structure of the G-protein 
activated channel that underlies IK^^,^ is now thought 
to comprise a heterotetramer of two distinct Gp7- 
regulated inwardly rectifying K"*" channels, which are 
the products of the GIRK, and CIR (cardiac inward 
rectifier) genes respectively [57]. 

Finally, the human "ether-a-go-go" related gene 
(HERG) and min K (or IsK), the genes that encode 
for the major subunit of the cardiac IK^ channel and 
the cardiac IK^ channel respectively, have been 
identified [58-60]. Although IsK, or min K, the 
cDNA coding for the minimal K^ channel protein 
(130 amino acids), a voltage-gated K"" channel with a 
single membrane spanning domain, has been isolated 
from cardiac tissues and expressed in Xenopus 
oocytes, resulting in a K"^ current similar to IK3, its 
relationship with IK^ remains controversial [60]. 



6. Conclusion 

New insights brought by the recognition of molec- 
ular and electrophysiological properties of K^ chan- 
nels provide in depth imderstanding of the precise 
electrophysiological targets for pharmacological in- 
terventions in man. This will be discussed in the 
second part of this review. 
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ABSTRACT. 1. The effect of the potassium channel opener KRN4884 on the peripheral arterial oc- 
clusion model induced by laurate was examined and compared with that of beraprost sodium and nilvad- 
ipine* 

2. KRN4884 or beraprost sodium prevented macroscopic changes in the paw after the injection of 
laurate. In contrast, nilvadipine did not improve the lesions. 

3. KRN4884 produced a dose-dependent increase in gastrocnemius blood flow in the chronic femo- 
ral artery-ligated rats. The effect of KRN4884 on the blood flow was stronger in the hypoxic muscle 
than in the normal muscle. 

4. KRN4884 did not have a direct antiplatelet aggregation activity. 

5. These findings suggest that KRN4884 is useful for the therapy of peripheral arterial occlusive 
disease and that the effect of KRN4884 is associated with an increase in blood flow in ischemic skeletal 
muscle. GEN pharmac 3 13 1;1 1:59-62, 1998. © 199898 Elsevier Science Inc. 

KEY WORDS. KRN4884, arterial occlusion, channel opener 



INTRODUCTION 

Peripheral vascular disease is an increasing problem in an aging pop- 
ulation. The K"^ channel openers cromakalim, pinacidil and nico- 
randil caused a significant increase in hypoxic muscle blood flow 
and pOi in an occlusive arterial disease model (Angersbach and 
Nicholson, 1988). Cook et oi. (1993) showed that channel 
openers SDZ-PCO 400 and cromakalim have a beneficial effect on 
muscle high-energy phosphate levels in the hind limb of the occlu- 
sive arterial disease model rat. On the other hand, Weselcouch and 
Baird (1994) reported that cromakalim does not affect skeletal mus- 
cle blood flow or function during acute ischemia in a hindlimb in 
fen-ets. Moreover, Weselcouch et al (1993) showed the nonbenefi- 
cial effect of cromakalim on the treatment of skeletal muscle isch- 
emia in rats. Thus, it is not clear that K"*^ channel openere have ben- 
eficial therapeutic effects on occlusive arterial disease. 

KRN4884, 5-amino-N-[2-(2-chIorophenyl)ethyl]'N'-cyano-3 pyri- 
dinecarboxamidine (Fig. 1), is a novel and potent vasodilator, and its 
mechanism of action is K"^ channel opening in the vascular smooth 
muscle (Izumi et oi., 1995, 1996; Kawahara et d., 1996). In the present 
study, we examined the effects of KRN4884 on laurate-induced pe- 
ripheral circulation insufficiency rats as a thromboangiitis obliterans 
(TAO) model and on muscle circulation in chronic occlusion of the 
femoral artery as an arteriosclerosis obliterans (ASO) model. 

MATERIALS AND METHODS 
Laurate'induced occlusion model 

A rat model of peripheral circulation insufficiency was made ac- 
cording to the method of Ashida et ai (1980). Briefly, male Wistar 
rats (Charles River Japan Inc., Japan), weighing 350-480 g, were 
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anesthetized with sodium pentobarbital intraperitoneally at 50 mg/ 
kg. The right femoral artery was exposed by surgical incision. One- 
tenth milliliter of lauric acid solution (10 mg/ml saline) was injected 
into the right femoral artery. KRN4884 (1 and 3 mg/kg), beraprost 
sodium (0.3 mg/kg) or vehicle (0.5% CMC-Na water) was adminis- 
tered orally 30 min before surgery and twice a day for the next 3 days 
and once a day on the 4th-10th days after surgery (Experiment 1). 
KRN4884 (0.3, 1 and 3 mg/kg), beraprost sodium (0,3 mg/kg), nil- 
vadipine (30 mg/kg) or vehicle (0.5% CMC-Na water) was adminis- 
tered orally 1 hr before and twice a day for 10 days after injection 
of laurate (Experiment 2). We decided on the dose of beraprost so- 
dium (0.3 mg/kg) according to a report (Murai et oI., 1989) that 
showed the effectiveness of beraprost sodium at the dose of 0.3 mg/ 
kg. The dose of nilvadipine (30 mg/kg) was determined by a previ- 
ous study; that is, nilvadipine at 30 mg/kg may induce hypotension 
equal to that induced by 3 mg/kg KRN4884 in normal rats. The 
macroscopic observation of the treated hind limbs was carried out 
on the 3rd and 10th day after the laurate injection. The degree of 
lesions was classified into the following six grades: Grade 0, normal 
appearance; Grade 1, edema or erythema; Grade 2, the region was 
limited to the nail; Grade 3, the region was limited to the fingers; 
Grade 4, the region was limited to half the paw; and Grade 5, the 
region was limited to the whole paw. 

Blood pressure measurements 

Systric blood pressure was measured by the tail-cuff method (PS- 
200; Riken Kaihatsu, Japan) 1 hr after the administration of drugs 
on the 7th or 8th day of Experiment 2. 

Muscle blood flow measurements 

Rat resting gastrocnemius muscle blood flow was measured by using 
a laser Doppler flowmeter (Laserflo BPM403A. TSl, USA) ac- 
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FIGURE 1. Chemical structure of KRN4884. 

cording to the method of Angersbach and Nicholson (1988). The 
relative blood flow was indicated as the flux (numberXvelocity) of 
blood cells in the illuminated volume of muscle (Nicholson et ai., 
1985), Effect of KRN4884 on muscle blood flow was measured in 
rats with and without a femoral artery ligation. Male Wistar rats 
(age 7-9 weeks) were purchased from Charles River Japan Inc. (Ja- 
pan) and housed until 8-1 1 weeks of age, and then chronical (6-9 
weeks) ligation of the left femoral artery was performed. Chronically 
ligated rats or nonligated rats were anesthetized with sodium pento- 
barbital intraperitoneally at 50 mg/kg. The left gastrocnemius mus- 
cle was exposed by surgical incision, and the muscle blood flow was 
measured. The right femoral artery and vein were cannulated for the 
recording of blood pressure and for KRN4884 administration (1,3 
and 10 M-g/kg). 

Antiplatelet activity 

Blood was collected from male Wistar rats (12-13 weeb old, 
Charles River Japan Inc., Japan) with a plastic syringe containing 
1/10 volume of 3.1% trisodium citrate solution. Platelet-rich plasma 
(PRP) was prepared by centrifugation at 80Xgfor 15 min. Platelet- 
poor plasma (PPP) was obtained from the precipitated fraction of 
PRP by centrifugation at l,200Xg for 15 min. The platelets in PRP 
were suspended in PPP to adjust the platelet count to 5x10Vm.L 
Platelet aggregation was determined by using an aggregometer 
(Hema Tracer, Niko Bioscience Inc., Japan). A lOO-^jil sample of 
PRP was placed in the cuvette to which 5 pA of KRN4884 was added 
for a 3 -min preincubation at 37°C. Then, 10 \x\ o{ each aggregator 
(ADP and collagen) solution was added to the reaction medium. 

Chemicals 

KRN4884 (lot. no. YH-005) was synthesized at Kirin Brewery Co. 
Beraprost sodium (Kaken Pharmaceutical Co., Japan), nilvadipine 
(Fujisawa Pharmaceutical Co., Japan), lauric acid (Tokyou Kasei 



Co., Japan), ADP (NBS Co., Japan) and collagen (MC Medical 
Co., Japan) were purchased. KRN4884, beraprost sodium and nil- 
vadipine were suspended in 0.5% carboxymethyl cellulose (Sigma 
Chemical Co., USA) in the study using the laurate- induced model. 
KRN4884 was dissolved in 30% polyethylene glycol 200 (Wako 
Pure Chemical Co., Japan)-saline solution or dimethyl sulfoxide 
(Wako Pure Chemical Co., Japan) in the blood flow measurement 
study or antiplatelet aggregation study, respectively. 

Statistical analysis 

Results were expressed as the mean±SE. The significance of the 
data was evaluated by using Mann-Whitney*s U-test or paired t-test 
or Dunnett*s multiple comparisons test. A significance level of more 
than 95% was taken to indicate statistical significance (P<0.05). 

RESULTS 

Effects ofKRN4884 and beraprost 

sodium an laurate-injected rats (Experiment 1) 

Injection of laurate into the femoral artery mummified the fingers 
or part of the paw 3 days after the injection, and then the gangrene 
area extended to the part or whole of the paw 10 days after the injec- 
tion in the vehicle group (Table 1 ), KRN4884 (1 and 3 mg/kg, PC) 
and beraprost sodium (0.3 mg/kg), which is used as a positive con- 
trol, markedly (P<0.05) inhibited the progression of the lesions at 
3 and 10 days after the injection of laurate (Table 1). 

Effects ofKRN4884 and other 

drugs on laurate-injected rats (Experiment 2) 

KRN4884 (1 and 3 mg/kg. PO) significantly (P<0.05) inhibited the 
progression of the lesions at 10 days after the injection of laurate 
(Fig. 2). K:RN4884 (0.3 mg/kg) and beraprost sodium (0.3 mg/kg) 
tended to suppress the lesions, but nilvadipine (30 mg/kg) was inef- 
fective for the treatment of this model. Systric blood pressures in ve- 
hicle-treated laurate-injected rats were about 130 mmHg (Fig. 3). 
Treatment with KRN4884 dose dependently reduced blood pressure 
in the rats. KRN4884 (0.3 mg/kg) and beraprost sodium (0.3 mg/kg) 
did not reduce blood pressure in the rats. Nilvadipine (30 mg/kg) 
and KRN4884 (3 mg/kg) reduced blood pressure to the same extent, 
by about 30 mmHg, compared with the vehicle-treated rats. 

Effects of KRN4884 on the skeletal 

muscle blood flow in femoral arteryAigated rats 

The blood flow of the resting (just before injection of 1 |Jig/kg 
KRN4884) gastrocnemius muscle of femoral artery-ligated rats 



TABLE 1. Effect of KRN4884 on laurate-induced hind limb lesions (Experiment 1) 



Grade 



Drug 


n 


0 


1 


2 


3 


4 


5 




Mean ± SE 




Day 3 
























Vehicle 


7 


0 


0 


1 


4 


1 


1 


3.29 


±0,36 






KRN4884 (1 mg/kg) 


8 


4 


1 


I 


2 


0 


0 


1.13 


± 0,48, 


P < 


0.01 


KRN4884 (3 mg/kg) 


11 


7 


0 


3 


1 


0 


0 


0.82 


± 0.35, 


P < 


0,01 


Beraprost (0.3 mg/kg) 


10 


2 


3 


5 


0 


0 


0 


1.30 


± 0.26, 


P < 


0.01 


Day 10 






















Vehicle 


7 


0 


0 


1 


0 


4 


2 


4.00 


±0.38 






KRN4884 (1 mg/kg) 


8 


5 


0 


2 


0 


1 


0 


1.00 


± 0.54, 


P < 


0.05 


KRN4884 (3 mg/kg) 


11 


6 


1 


3 


1 


0 


0 


0.91 


± 0.34. 


P < 


0.01 


Beraprost (0.3 mg/kg) 


10 


3 


2 


0 


5 


0 


0 


170 


± 0.45, 


P < 


0.01 



Each value represencs the number of rats. P values: drug-treated group versus vehicle group (U-test). 



KRN4884 and Artery Occlusive Model 
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KRN4884 



KRN4884 



Days 



Day 10 



FIGURE 2. The effect of KRN^ 
4884 (0.3-3.0 mg/kg), beraprost 
sodium (0.3 mg/kg) and nilvadipine 
(30 mg/kg) on laurate-induced arte- 
rial occlusive rats (Experiment 2). 
The macroscopic observation of the 
hind limbs was carried out on the 
3rd and 10th day after the laurate 
injection. The degree of lesions was 
classified into six grades. Data rep' 
resent mean±SEM {n=ll); *P< 
0.05: significantly different from 
vehicle group (U-test). 



(5.5 ±0.5 V, n=6) was significantly (P<0.001 ) reduced compared with 
that of nonligated {I4.6± 1 .2 V, n=5). There was no significant differ^ 
ence in the mean arterial biood pressure between the two groups (not 
shown). KRN4884 produced a dose-dependent reduction in the arte- 
rial blood pressure in the ligated and nonligated rats (Fig. 4). 



m 

CO 




KRN4884 



FIGURE 3. Hypotensive effect of KRN4884 (0.3-3.0 mg/kg), 
beraprost sodium (0.3 mg/kg) and nilvadipine (30 mg/kg) on lau- 
rate-induced arterial occlusive rats in Experiment 2. Systric blood 
pressure (SB?) was measured 1 hr after administration of the 
drugs on the 7th or 8th day after the laurate injection. Data repre- 
sent mean±SEM (n=8-9); ♦♦P<0.01, ***P<0.001: signif- 
icantly different from vehicle group (Dunnett's multiple compari- 
sons test). 



KRN4884 (3 and 10 ^jig/kg, IV) significantly increased the mus- 
cle blood flow in the femoral artery-ligated rats but not in nonli- 
gated rats. 

Effects ofKRN4884 on platelet aggregation 

KRN4884 (10-^-2.5X10-5 M) did not affect rat platelet aggregation 
induced by ADP (1 pM) and collagen (3 p-M) in vitro (not shown). 

DISCUSSION 

In the present study, we demonstrated that KRN4884 had a protec- 
tive effect in the laurate-induced model of peripheral circulation in- 
sufficiency. Ashida et d. ( 1980) reported that injection of laurate into 
the artery causes degeneration and denudation of the endothelium, and 
its damage triggers platelet adherence and aggregation to form occlu- 
sive thrombosis. The antiplatelet agent ticropidine was effective in the 
laurate-induced model (Ashida et d„ 1980), They showed a major 
participation of platelets in the progresssion of the model 

KRN4884 did not have antiplatelet action but was effective in 
this model. channel openers cromakalim, pinacidil and nicoran- 
dil significantly increased muscle blood flow and pOz in an occlusive 
arterial disease model (Angersbach and Nicholson, 1988). Further- 
more, channel openers SDZ-PCO 400 and cromakalim had a 
beneficial effect on muscle high-energy phosphate levels in the hind 
limb of the occlusive arterial disease model rat (Cook et a/., 1993), 
suggesting that channel openers vasodilate collateral blood ves- 
sels in the ischemic limb. KRN4884 also increased muscle blood 
flow in the femoral artery-ligated gastrocnemius muscle in this 
study. Thus, the protective effect of KRN4884 in the laurate- 
induced model may be related to an improvement of peripheral cir- 
culation through an increase in blood flow of the collateral artery. 
In contrast, the Ca^^ channel blocker nilvadipine had no effect on 
the laurate-induced rat model. The result in our study is consistent 
with the results from studies by Angersbach and Nicholson (1988) 
and Cook etd. (1993). Angersbach andNicholson (1988) observed 
that the Ca^^ channel blockers nifedipine, verapamil and diltiazem 
do not increase blood flow in the hypoxic skeletal muscle, and Cook 
et al. (1993) demonstrated that nitrendipine has no effect on isch- 
emic muscle high-energy phosphate levels in the animal model. 
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A. ligated femoral artery 



200 1 HI Blood flow 
□ MBP 




3 10 
KRN4884 (^ig/kg) 



B, non-llgated femoral artery 



200 



150 



■ Blood flow 
□ MBP 




1 3 10 

KRN4884 (ng/kg) 

FIGURE 4. The effect of KRN4884 on mean arterial blood pres- 
sure and rat gastrocnemius muscle blood flow (A) with or (B) 
without ligated femoral artery. Peak changes in mean blood pressure 
(MBP, open column) and blood flow (solid column) produced by in- 
travenous administration of KRN4884. Data represent mean±SEM 
(n=4^7); *P<0.05, **P<0.01, ***P<0.001: significantly differ- 
ent from the value before administration of KRN4884 (paired 
t-test). 



They suggested that the collateral vessels are more sensitive to the 
channel openers than to the Ca^"*" channel blockers. 
Thromboangiitis obliterans (TAO) and arteriosclerosis obliterans 
( ASO) are produced by the occlusion of the distal and proximal ar- 
tery in the legs, respectively. Dnig therapy for TAO and ASO has 
been mainly used with antiplatelet dnjgs; but. on the other hand, vaso- 
dilators that have no antiplatelet effect (i.e., dihydropyridine Ca^^ 
channel blockers, a-adrenergic blockers and p-adrenergic agonists) 
have been confimied to be ineffective in intermittent claudication 
(Boobis and Bell, 1982; Creager and Roddy, 1990; Lorentsen and 
Landmark, 1983). 



In this study, the K+ channel opener KRN4884 was effective in 
both the TAO and the ASO models. These findings suggest a new 
drug therapy, which improves peripheral circulation in the ischemic 
region without antiplatelet action. Clinical studies are needed to es- 
tablish the therapy using KRN4884 for TAO and ASO. 

SUMMARY 

The effect of the potassium channel opener KRN4884 on the pe- 
ripheral arterial occlusion model induced by laurate (1.0 mg/leg. I A) 
was examined and compared with that of beraprost sodium, prosta- 
glandin I2 analog, and the Ca^+ channel blocker nilvadipine. Treat- 
ment of the rats with KRN4884 (1 and 3 mg/kg, PO) or beraprost 
sodium (0.3 mg/kg, PO) prevented macroscopic changes in the paw 
after injection of laurate. In contrast, nilvadipine did not improve 
the lesions induced by laurate. KRN4884 produced a dose-dependent 
increase in gastrocnemius blood flow in the chronic femoral artery- 
ligated rats. The effect of KRN4884 on blood flow was stronger in the 
hypoxic muscle than in the normal muscle. KRN4884 did not have a 
direct antiplatelet aggregation activity. These findings suggest that 
KRN4884 is useful for the therapy of peripheral arterial occlusive 
disease and that the effect of KRN4884 is associated with an in- 
crease in blood flow in ischemic skeletal muscle. 
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Fujimura, N., £. Tanaka, S. Yamamoto, M. Shigemori, and 
H. Higashi. Contribution of ATP-sensitive potassium channels to 
hypoxic hyperpolarization in rat hippocampal CAl neurons in 
vitro, / Neurophysiol 11: 378-385, 1997. To investigate the 
mechanism of generation of the hypoxia-induced hyperpolarization 
(hypoxic hyperpolarization) m hippocampal CAl neurons in rat 
tissue slices, recordings were made in current-clamp mode and 
single-electrode voltage-clamp mode. Superfiision with hypoxic 
medium produced a hyperpolarization and corresponding outward 
current, which were associated with an increase in membrane con- 
ductance. Reoxygenation produced a further hyperpolarization, 
with corresponding outward current, followed by a recovery to the 
preexposure level. The amplitude of the posthypoxic hyperpolar- 
ization was always greater than that of the hypoxic hyperpolariza- 
tion. In single-electrode voltage-clamp mode, it was difficult to 
record reproducible outward currents in response to repeated hyp- 
oxic exposure with the use of electrodes with a high tip resistance. 
The current-clamp technique was therefore chosen to study the 
pharmacological characteristics of the hypoxic hyperpolarization. 
In 60-80% of hippocampal CAl neurons, glibenclamide or tolbu- 
tamide (3-100 ^M) reduced the amplitude of the hypoxic hyper- 
polarization in a concentration-dependent manner by up to •^70%. 
The glibenclamide or tolbutamide concentrations producing half- 
maximal inhibition of the hypoxic hyperpolarization were 6 and 
12 fjMy respectively. The chord conductance of the membrane 
potential between —80 and -90 mV in the absence of glibenclam- 
ide (30 fjM) or tolbutamide (100 fiM) was 2-3 times greater than 
that in the presence of glibenclamide or tolbutamide. In contrast, 
the reversal potential of the hypoxic hyperpolarization was approxi- 
mately -83 mV in both the absence and presence of tolbutamide 
or glibenclamide. In --40% of CAl neurons, diazoxide (100 fiM) 
or nicorandil ( 1 mM) mimicked the hypoxic hyperpolarization and 
pretreatment of these drugs occluded the hypoxic hyperpolariza- 
tion. When ATP was injected into the impaled neuron, hypoxic 
exposure could not produce a hyperpolarization. The intracellular 
injection of the nonhydrolyzable ATP analogue 5 '-adenylylimi- 
dodiphosphate lithiimi salt reduced the amplitude of the hypoxic 
hyperpolarization. Furthermore, application of dinitrophenol (10 
/xM) mimicked the hypoxic hyperpolarization, and the dinitrophe- 
nol-induced hyperpolarization was inhibited by either pretreatment 
of tolbutamide or intracellular injection of ATTP, indicating that 
the hypoxic hyperpolarization is highly dependent on intracellular 
ATP. It is therefore concluded that in the majority of hippocampal 
CAl neurons, exposure to hypoxic conditions resulting in a reduc- 
tion in the intracellular level of ATP leads to activation of ATP- 
sensitive potassium channels with concomitant hyperpolarization. 



INTRODUCTION 

In the CNS, hippocampal CAl neurons are known to be 
extremely vulnerable to anoxia and ischemia (Siesjo 1988). 
In tissue slices, exposure of hippocampal CAl neurons to 



hypoxia for a short period (2-4 min) induces a hyperpolar- 
ization with decreases in input resistance and in synaptic 
noise (Fujiwara et al. 1987; Kmjevic and Leblond 1989; 
Leblond and Kmjevic 1989) , The hypoxia-induced hyperpo- 
larization (hypoxic hyperpolarization) is most likely to be 
mediated by an increase in K"*" conductance (Fujiwara et al. 
1987; Hansen et al. 1982; Leblond and Kmjevic 1989), but 
the subtype (s) of K"^ charmels involved in the hyperpolar- 
ization is still unclear. It has been suggested that the hypoxic 
hyperpolarization is due to activation of a Ca^^ -dependent 
K^ conductance, because hypoxia induces an early increase 
in the intracellular Ca^"^ concentration as a resuh of Ca^"^ 
mobilization from intracellular stores (Belousov et al. 1995; 
Katchman and Hershkowitz 1993; Kmjevic and Xu 1989). 
Direct evidence supporting this is, however, either lacking 
(Fujiwara et al. 1987) or inconclusive (Leblond and 
Kmjevic 1989). The involvement of ATP-sensitive potas- 
sium (Katf) channels in the hyperpolarization has been sug- 
gested by an inverse correlation between the ATP content 
of patch electrodes and conductance changes induced by 
hypoxia (Zhang and Kmjevi6 1993). The highest binding 
densities of glibenclamide, a Katp channel blocker, have 
been reported in the cortex, hippocampus, cerebellum, and 
substantia nigra in the CNS (Jiang et al. 1992; Mounre et 
al. 1989; Xia and Haddad 1991). Moreover, it has been 
reported that in substantia nigra neurons and dorsal vagal 
neurons, anoxia induces a hyperpolarization that is mediated 
by an activation of Katp channels (Jiang et al. 1994; Murphy 
and Greenfield 1992; Trapp and Ballanyi 1995). Neverthe- 
less, the contribution of the Katp channel to the hypoxic 
hyperpolarization is still controversial in hippocampal CAl 
neurons. Katp channel blockers, such as tolbutamide and 
glibenclamide, have yielded equivocal results: tolbutamide 
depressed the hypoxic hyperpolarization (Godfraind and 
Kmjevic 1993; Grigg and Anderson 1989), but neither tol- 
butamide nor glibenclamide had comparable effects (God- 
fraind and Kmjevic 1993; Leblond and Kmjevic 1989). 

The aim of this study is, therefore, to investigate the 
involvement of activation of Katp channels in the hypoxic 
hyperpolarization. By observing the effects of selective Katp 
channel antagonists, agonists and intracellular injection of 
ATP, attempts were made to examine whether the hypoxic 
hyperpolarization is specifically mediated by Katp channels. 
In addition, attempts were made to mimic the hyperpolariza- 
tion with the use of a metabolic inhibitor. The accompanying 
paper (Yamamoto et al. 1997) describes the contribution of 
the Ca^"*^ -dependent K^ conductance to the hypoxic hyper- 
polarization. 
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methods 

The forebrains of adult Wistar rats (male, weight 200-250 g) 
were quickly removed under ether anesthesia and placed in chilled 
(4-6'*C) Krebs solution that was aerated with 95% 02-5% COj. 
The composition of the solution was (in mM) 1 17 NaCl, 3.6 KCl, 
2.5 CaClz, L2 MgCb, 1.2 NaH2P04, 25 NaHCOs, and 1 1 glucose. 
The hippocampus was dissected and then sliced with a Vibratome 
(Oxford) to a thickness of ^400 //m. A slice was placed on a 
nylon net in a recording chamber (volume 500 /xl) and immobilized 
with a titanium grid placed on the upper surface of the section. 
The preparation was completely submerged in the superfusing solu- 
tion. The temperature in the recording chamber was continuously 
monitored and maintained at 36-37*0, and the solution was per- 
fused at a constant rate of 6-8 ml/min. Intracellular recordings 
from CAl pyramidal cells were made with glass micropipettes 
filled with potassium acetate (2 M) or KCl (2 M). The electrode 
resistance was 20-90 MH. The membrane potential was deter- 
mined by the baseline level recorded from an ^-7 recorder with 
a low-pass filter. In another series of experiments, voltage clamping 
was performed with a single-electrode voltage-clamp amplifier 
(Axon Instruments, Axoclamp-2A), employing a switching fre- 
quency of 4-5 kHz and a 30% duty cycle. The headstage voltage 
was continuously monitored to ensure complete settling of the 
voltage at the end of each switching cycle. Particular efforts were 
made to select electrodes with optimal current-passing characteris- 
tics: tip resistance of 20-90 Mf2 and minimal rectification. In some 
neurons, recording electrodes containing adenosine 5 '-triphosphate 
dipotassium salt (K2-ATP, 20 mM), adenosine 5 '-triphosphate 
magnesium salt (Mg-ATP, 10 mM), or 5 '-adenylylimido-diphos- 
phate lithium salt (AMP-PNP, 20 mM)/potassium acetate (2 M) 
were used for intracellular ATP or AMP-PNP injection. ATP or 
AMP-PNP was injected by passing hyperpolarizing current pulses 
(0.4-0,9 nA in intensity, 200 ms in duration, and 3.3 Hz in fre- 
quency) for 10-15 min. 

Slice preparations were made * 'hypoxic" by superfiising me- 
dium equilibrated widi 95% N2-5% CO2 (hypoxic medium). The 
dead space of the superfusing system resulted in a delay of 15- 
20 s before the new medium reached the chamber. 

Drugs used were tolbutamide and glibenclamide (Research Bio- 
chemicals International); diazoxide (Sigma); nicorandil (gift from 
Chugai Pharmaceutical); 2,4-dinitrophenol (Tokyo Kasei Organic 
Chemical); and Mg-ATP, K2-ATP, and AMP-PNP (Sigma). All 
quantitative results are expressed as means ± SD. The number of 
neurons examined is given in parentheses. The unpaired and paired 
Student's r-test was used to compare data, with P< 0.05 considered 
significant, 

RESULTS 

This study was based on recordings from 100 CAl pyra- 
midal neurons of adult rats with stable membrane potentials 
more negative than -60 mV. The resting membrane potential 
and the apparent input resistance were -71.4 ± 4.9 mV and 

33.3 ± 8.8 MQ {n = 67), respectively, recorded with 2 M 
potassium acetate electrodes and -70.1 ± 2.7 mV and 

40.4 ± 4.2 MH (n = 38), respectively, recorded with 2 M 
KCl electrodes. In either current-clamp or voltage-clamp 
recording, unless specified otherwise, the membrane poten- 
tial was held at -60 mV by current injection from the re- 
cording electrode before hypoxic exposure. 

Hypoxia- induced hyperpolarization 

Figure 1 illustrates typical changes in membrane potential 
or membrane current in response to oxygen deprivation, with 
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no. 1. Hypoxic hyperpolarizations and the corresponding outward cur- 
rents in hippocampal CAl neurons, hi this and subsequent figures, the 
hypoxic medium was applied between the downward and upward arrows 
and, in each trace, the dotted line indicates the preexposure level of the 
membrane potential or membrane current, unless specified otherwise. Top 
trace: membrane potential recorded with a high (80 MO) electrode resis- 
tance under current-clamp conditions. Middle and bottom traces : membrane 
current and voltage, respectively, recorded fi-om the same neuron under 
voltage-clamp condition. Downward deflections in voltage recordings are 
hyperpolarizing electrotonic potentials elicited by anodal current pulses (0.3 
nA, applied for 200 ms every 3 s), and downward deflections in voltage 
and current recordings under the voltage clamp are voltage steps ( 14 mV 
for 200 ms every 3 s) and the resultant currents. 



the use of 2 M KCl-filled electrodes v^^ith a high tip resistance 
(80 Mfi). Superfusion with hypoxic medium produced a 
hyperpolarization that was associated with a reduction in 
apparent input resistance. When oxygen was readmitted, the 
membrane potential was transiently shifted to a more nega- 
tive level (posthypoxic hyperpolarization) before it recov- 
ered to the preexposure level. In the same neuron under the 
voltage-clamp mode, hypoxia now evoked a corresponding 
outward current that was accompanied by a large increase 
in conductance. Reoxygenation prolonged the decay of the 
outward current by a transient outward shift, which corre- 
sponded to the posthypoxic hyperpolarization. Our previous 
study indicates that the hypoxic hyperpolarization is mainly 
due to an increase in conductance and the posthypoxic 
hyperpolarization is caused by reactivation of the Na'*'-K'^ 
pump (Fujiwara et al. 1987). 

The peak amplitudes of the hypoxic responses, the post- 
hypoxic hyperpolarization, and the corresponding currents, 
with the use of KCl or potassium acetate electrodes with 
high and low tip resistances, are summarized in Table 1. As 
the tip resistance of KCl or potassium acetate electrodes 
decreased, the peak amplitudes of the hypoxic hyperpolariza- 
tion and its corresponding outward current were reduced, 
whereas the posthypoxic hyperpolarization and its corre- 
sponding outward current were not altered. When the neu- 
rons were impaled by KCl or potassium acetate electrodes 
with extremely low tip resistances (20- to 30-Mn KCl elec- 
trodes and 35- to AS-MVt potassium acetate electrodes), hyp- 
oxia produced a depolarization and its corresponding current. 
Both responses were associated with an increase in conduc- 
tance. The peak amplitudes of the hypoxic depolarization, 
the hypoxic hyperpolarization, and their corresponding cur- 
rents were not significantly different between potassium ace- 
tate and KCl electrodes. 
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TABLE 1 . Peak amplitudes of hypoxic depolarization or hyperpolarization, posthypoxic hyperpolarization, and corresponding 
currents using KCl and potassium acetate electrodes 



Hypoxic 
Depolarization, 
mV 



Hypoxic 
Inward 
Current, pA 



Hypoxic 
Hyperpolarization, 
mV 



Hypoxic 
Outward 
Current, pA 



Posthypoxic 
Hyperpolarization, 
mV 



Posthypoxic 

Outward 
Current, pA 



KCl electrode 
20-30 Mn 
30-50 Mfi 
>50 Mn 

Potassium acetate 
electrode 
35-45 MH 
45-70 Mft 
>70 Mn 



7.0 



6.1 



t 1.0(5) 

None 

None 



t 1.6 (5) 

None 
None 



228 ± 74 (5) 
None 
None 



192 ± 70 (5) 
None 
None 



None 
5 J ± 2,5 (8) 
9.8 ± 2.6 (30)* 



None 
6.3 ± 2.3 (10) 
9.2 ± 4.0 (57)* 



None 
161 ± 64 (5) 
242 ± 78 (5) 



None 
168 ± 61 (5) 
234 ± 84 (5) 



11.9 ± 1.7(5) 
11.2 ± 5.2 (8) 
13.4 ± 4.8 (30) 



11.4 ± 2.0 (5) 
10.8 ± 5.5 (10) 
13.6 ± 4.4 (57) 



282 ± in (5) 
259 ± 73 (5) 
278 ± 78 (5) 



276 ± 102 (5) 
253 ± 70 (5) 
283 ± 68 (5) 



Values are means ± SD, with number of neurons in parentheses. P < 0.01, unpaired /-test. 



Moreover, when the neuron was impaled by electrodes 
with relatively high tip resistances (60-80 Mf2), repeated 
exposure to hypoxia at the interval of every 10 min gradually 
attenuated both the hypoxic and posthypoxic outward cur- 
rents, but not both the hypoxic and posthypoxic hyperpolar- 
izations. This result suggests that the neuron in the voltage- 
clamp mode would be deteriorated more easily than that in 
the current-clamp mode. In other words, the hypoxic hyper- 
polarization would prevent the accumulation of intracullular 
Ca^^ concentration that triggers the cell deterioration (cf 
Siesjo 1988). Thus we used the current-clamp technique 
to study the pharmacological characteristics of the hypoxic 
hyperpolarization in the following section. 

Effects ofK^rp channel blockers 

The hippocampal slice preparation was pretreated with 
the Katp channel blockers tolbutamide (3-100 pM) or gli- 
benclamide (3-100 //M) for 10 min before hypoxic expo- 
sure. Each drug caused a small, sustained depolarization that 
was accompanied by an increase in apparent input resistance. 
The amplitude of the depolarization was 3.6 ± 1.5 mV 
(w = 9) in the presence of 100 pM tolbutamide and 3.4 ± 
1.5 mV (/I = 7) in the presence of 100 glibenclamide. 
In the majority of neurons tested, both tolbutamide and glibe- 
nclamide reduced the amplitude of the hypoxic hyperpolar- 
ization and/or prolonged the onset time of the hyperpolariza- 
tion in a concentration-dependent manner (Fig. 2, AmdB). 
In 8 of 10 hippocampal CAl neurons tested, the minimal 
effective concentration and the maximal inhibitory concen- 
tration of tolbutamide were 3 and 100 ^M, respectively. 
Tolbutamide (100 pM) significantly reduced the amplitude 
of the hypoxic hyperpolarization by 71 ± 16% (« = 8, 
P < 0.01) of the control. The half-maximum inhibition was 
achieved at a concentration of 12 ^^M (Fig. IB), In the 
remaining two neurons, tolbutamide had no. effect. Gliben- 
clamide had similar effects; in 13 of 22 CAl neurons, the 
minimal effective concentration, half-maximum inhibition 
and maximal inhibitory concentration were 3, 6, and 100 
mM, respectively (Fig. 2C). GHbenclamide (100 ) sig- 
nificantly reduced the amplitude of the hypoxic hyperpolar- 
ization by 67 ± 15% (« - 13, P < 0.01) of the control. In 
two other neurons, ghbenclamide prolonged the onset time 
without affecting the amplitude. In the remaining five neu- 



rons, glibenclamide had no effect. Moreover, tolbutamide or 
glibenclamide at the high concentration (100 pM) did not 
significantly affect the amplitude of the posthypoxic hyper- 
polarization (Fig. 2 A for tolbutamide). Thus, in 60-80% 
of the neurons, tolbutamide and glibenclamide depressed 
the hypoxic hyperpolarization in a concentration-dependent 
manner, but were unable to block the posthypoxic hyperpo- 
larization. 

To further study the inhibitory action of ghbenclamide or 
tolbutamide, steady-state current-voltage plots before and 
during the hypoxic hyperpolarization were obtained by pass- 
ing hyperpolarizing and subsequent depolarizing ramp cur- 
rents through the recording electrode. The conductance 
change during hypoxia was much greater than that in nor- 
moxic media (Fig. 3, A and C), indicating that it is not 
hkely to result from the reduction of a tonic inward cxirrent. 
The net outward current induced by hypoxia was markedly 
depressed by tolbutamide (100 pM) or glibenclamide (30 
pM) (compare Fig. 3, A and C, insets, with Fig. 3, B and 
A insets, respectively). The chord conductance of the mem- 
brane potential between -80 and -90 mV in the absence 
of tolbutamide was significantly greater than that in the pres- 
ence of tolbutamide (100 pM), being 12.3 ± 6.1 nS (« = 
8) in the absence and 3.7 ± 1.5 nS (« = 6) in the presence 
of tolbutamide. Similar results were obtained in the absence 
and presence of glibenclamide (30 ^M), being 14.3 ± 7.5 
nS (rt = 4) in the absence and 6.3 ± 3.3 nS {n ~ 4) in the 
presence of glibenclamide. In contrast, the reversal potential 
of the hypoxic hyperpolarization was not different at 
-83.7 ± 3.5 mV {n = 8) and -83.3 ± 2.6 mV {n = 6) in 
the absence and presence of tolbutamide ( 100 /iM), respec- 
tively. The reversal potential of the hypoxic hyperpolariza- 
tion was -82.6 ± 1.9 mV {n = 4) and -83.4 ± 1.7 mV 
{n = 4) in the absence and presence of glibenclamide (30 
pM), respectively. 

Effects of activators of K^tf channels 

Diazoxide and nicorandil are well known to be activators 
of Katp channels in pancreatic /?-cells (Ashcroft and Ash- 
croft 1990; Dunne 1990; Trube et al. 1986). To confirm the 
contribution of Katp channels to the hypoxic hyperpolariza- 
tion, these activators were apphed to hippocampal CAl neu- 
rons. In 10 of 36 neurons, application of diazoxide (100 
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Control 




FIG. 2. Effects of the ATP-sensitive potas- 
sium (Katf) channel blockers on the hypoxic 
hyperpolarization. A : hypoxic hypeqx)larization 
before blockers (top trace), after pretreatment 
with tolbutamide at a concentration of 10 /iM 
(2nd trace), 30 fiM (3rd trace), and 100 /iM 
{4th trace) for 10 min, and after washing out 
of the drug for 30 min (bottom trace). B and 
C: concentration dependence of inhibition by 
tolbutamide (B) and glibenclamide (C), The 
peak amplitudes of the hypoxic hyperpolariza- 
tions at various concentrations of tolbutamide or 
glibenclamide were normalized with those of 
the respective controls. Error bars: SD. The 
curves fitting the points were drawn by the HilPs 
equation. The Hill coefficient was 1.8 for tolbu- 
tamide and 1.0 for glibenclamide. Downward 
deflections in voltage recordings are hyperpolar- 
izing electrotonic potentials elicited by anodal 
current pulses (0.4 nA, applied for 200 ms every 
3 s). 



1 10 100 (mM) 
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AiM) or nicorandil (1 mM) produced a hyperpolarization 
that was accompanied by a fall in apparent input resistance. 
The hyperpolarization reversed rapidly when the application 



was discontinued. The peak amplitudes of the hyperpolariza- 
tion induced by diazoxide ( 100 ^M) and nicorandil ( 1 mM) 
were 6.0 ± 2.6 mV (« = 4) and 2.8 ± 1.2 mV (n = 6), 
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no. 3. Effects of the Katp channel 
blockers on the membrane conductance 
during the hypoxic hyperpolarization. Slow 
hyperpolarizing and depolarizing DC ramp 
currents (1-2 mV/s) were passed through 
the recording electrode to obtam steady- 
state current-voltage relationships before 
and during hypoxic exposure (not shown). 
A and B\ steady-state current-voltage 
curves before (Control) and during hyp- 
oxic exposure (Hypoxia) in the absence 
(A) and presence (B) of tolbutamide (100 
/iM). Insets \ net outward currents pro- 
duced by hypoxia, which were obtained by 
subtraction of the steady-state current-volt- 
age relation at preexposure level from that 
during hypoxic exposure. For subtraction, 
steady-state current-voltage relations, 
which were continuously recorded from the 
most hyperpolarizing level (-95 mV) to 
-60 mV, were used. Note that the net out- 
ward current was markedly depressed by 
tolbutamide. C and D\ steady-state current- 
voltage curves before (Control) and during 
hypoxic exposure (Hypoxia) in the control 
condition and in the presence of gliben- 
clamide (30 /iM), respectively. The out* 
ward current in the control condition was 
markedly depressed by glibenclamide. 
Note that the reversal potential of the net 
outward current was not affected by either 
tolbutamide or glibenclamide. 
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respectively. The neuronal input resistance measured at the 
peak of the hyperpolarization was reduced to 79 ± 11% 
(rt = 4) of the control before application of diazoxide and 
to 85 ± 11% (n = 6) of the control before application of 
nicorandil. Next, the hypoxic hyperpolarization was com- 
pared in the absence and presence of the Katp channel activa- 
tor. The peak amplitude of the hypoxic hyperpolarization 
was significantly reduced to 82 ± 4% (n = 4) of the control 
in the presence of 100 /iM diazoxide and to 63 ± 12% 
(n = 6) of the control in the presence of 1 mM nicorandil. 
In the remaining 26 neurons, application of diazoxide or 
nicorandil did not significantly affect the membrane potential 
and apparent input resistance. 

Effects of a metabolic inhibitor 

Metabolic inhibitors, such as 2,4-dmitrophenol and cya- 
nide, have been used to produce the anoxic /ischemic insult 
by blocking oxidative respiration and thereby lowering intra- 
cellular ATP levels ([ATP];) (Murphy and Greenfield 1991; 
Reiner et al. 1990). A short period ( 15-60 s) of superfusion 
with dinitrophenol (10 /iM) caused a hyperpolarization that 
was associated with a reduction of the neuronal input resis- 
tance. As the application period increased, the dxuration of 
the hyperpolarization was prolonged (Fig. 4 A). The ampH- 
tude of the dinitrophenol-induced hyperpolarization was 
4 ± 2 mV (/I = 4), 7 ± 3 mV {n = 4), and 9 ± 4 mV 
(« = 9) with 15, 30, and 60 s of superfusion with medium 
containing dinitrophenol (10 ^M). The duration of the dini- 
trophenol-induced hyperpolarization was 1.4 ± 0.3 min 
{n = 4), 4 ± 0.5 min (« = 4), and 5.2 ± 0.7 min {n = 9) 
with 15, 30, and 60 s of superfUsion with medium containing 
dinitrophenol (10 ^M). On superfusion with dinitrophenol 
(10 /xM) for 60 s, the neuronal input resistance measured 
at the peak of the dinitrophenol-induced hyperpolarization 
was decreased to 60 ± 13% {n = 9) of the control. 

Because the posthypoxic hyperpolarization is generated 
by reactivation of the Na^-K^ pump (Fujiwara et al. 1987), 
it is possible that a hyperpolarization generated by reactiva- 
tion of the Na'^-K^ pump may follow some periods after 
superfusion with metabolic inhibitors. It was, however, dif- 
ficult to detect two components in dinitrophenol-induced hy- 
perpolarization. It may be possible to detect reactivation of 
the Na'^-K^ pump in the presence of a high concentration 
of tolbutamide ( 100 //M), because the hypoxic hyperpolar- 
ization was inhibited by -70% whereas the posthypoxic 
hyperpolarization was not affected (see Fig. 2^). We there- 
fore compared the peak ampHtude and neuronal input resis- 
tance of the dinitrophenol-induced hyperpolarization in the 
absence and presence of tolbutamide ( 100 ^M) by compari- 
son of two arbitrary points of the time when the dinitrophe- 
nol-induced hyperpolarization reached a peak m the absence 
(/i) and presence (^2) of tolbutamide, as shown in Fig. AB, 
The amplitudes of the dinitrophenol-induced hyperpolariza- 
tion at tx and t2 in the absence of tolbutamide were 12.7 ± 
1,1 mV (w = 4) and 11.9 ± 3.9 mV (« = 4), respectively. 
In the absence of tolbutamide, the neuronal input resistances 
measured at tx and ^2 were reduced to 51 ± 8% (w = 4) and 
58 ± 8% {n = 4) of the controls, respectively. The ampli- 
tudes of the dinitrophenol-induced hyperpolarization at /j 
and /2 in the presence of tolbutamide were 1.0 ± 1.7 mV 
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no. 4. Effects of dinitrophenol on the hippocampal CAl neurons. In 
this and subsequent figures, downward deflections in voltage recordings are 
hyperpolarizing electrotonic potentials elicited by anodal current pulses (in 
the range of 0.2-0.5 nA, applied for 200 ms every 'is),A : dinitrophenol 
(10 //M) produced a hyperpolarization associated with a fall in apparent 
input resistance. Prolonged applications (indicated by black bars) increased 
the duration of the hyperpolarization. B : dinitrophenol-induced hyperpolar- 
ization in the control condition {top trace) ^ after pretreatment with tolbuta- 
mide (100 ^M) for 10 min {middle trace), and after washing out of the 
drug for 30 min {bottom trace). Arrows: point of time of the peak of the 
dinitrophenol-induced hyperpolarization produced in the control condition 
(/i) and in the presence of tolbutamide (/i). Note that the dinitrophenol- 
induced hyperpolarization was markedly depressed by tolbutamide. C: 
afterhyperpolarization following the spikes in the control condition {left), 
after pretreatment with tolbutamide (100 /zM) for 10 min {middle), and 
after washing out of the drug for 30 min {right), 

{n = 4) and 6.3 ± 2.8 mV {n = 4), respectively. In the 
presence of tolbutamide, the neuronal input resistances mea- 
sured at /, and /2 were reduced to 88 ± 6% (n = 4) and 
84 ± 18% {n = 4) of the controls, respectively (Fig. AB). 
Thus tolbutamide significantly depressed the peak amplitude 
of the dinitrophenol-induced hyperpolarization at /| (P < 
0.01 ), but not the peak amplitude at . Tolbutamide reversed 
the reduction in both the neuronal input resistances during 
the dinitrophenol-induced hyperpolarizations at /, {P < 
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FIG . 5. Effects of intracellular injection of ATP on the hyperpolarization 
induced by hypoxia (t) or dinitrophenol (bars). ATP was injected after 
recording of the 1st response to hypoxic medium or dinitrophenol-con- 
taining medium by passing hyperpolarizing current pulses (0.3-0.9 nA for 
200 ms every 3 s) through the recording electrode for 10 min. A: hypoxic 
hyperpolarization recorded 5 min after impalement with an electrode con- 
taining 20 mM adenosine 5 '-triphosphate dipotassium salt (K2-ATP)/2 M 
KCl (top trace) was virtually abolished after intracellular ATP injection 
{bottom trace), B: dinitrophenol-induced hyperpolarization 5 min after 
impalement with an electrode containing 20 mM adenosine 5 '-triphosphate 
magnesium salt (Mg-ATP)/2 M KCl (top trace) was abolished after intra- 
cellular ATP injection (bottom trace). 

0.01) and (P < 0.05). These results suggest that the 
dinitrophenol-induced hyperpolarization at ti is partially due 
to the reactivation of Na'^-K"^ pump. Moreover, neither tol- 
butamide ( 100 fiM) nor ghbenclamide (30 ^M) affected the 
afterhyperpolarization that followed action potentials (spike 
afterhyperpolarization) (n = 8, Fig. 4C). 

Effects of intracellular injection of ATP and AMP-PNP 

Katp channels in pancreatic /?-celIs can be closed by high 
concentrations (>1 mM) of [ATP]; (Kakei et al. 1985; Rors- 
man and Trube 1985). Thus ATP was injected intracellularly 
by the use of recording electrodes containing 20 mM Kj- 
ATP or Mg-ATP. Figure 5 A shows changes in the membrane 
potential in response to hypoxia recorded by the use of re- 
cording electrodes containing 20 mM K2-ATP/2 M KCl. 
Hypoxia produced a hyperpolarization of 7.7 ± 1.5 mV 
(w = 6) in amplitude 5 min after the neuron was impaled 
{top trace) y but it could not induce any hyperpolarization 
after intracellular injection of ATP by passing hyperpolariz- 
ing current pulses for 10 min {bottom trace). The amplitude 
of the posthypoxic hyperpolarization was also significantly 
reduced from 10.7 ± 1.5 mV before ATP injection to 3.3 ± 
1.0 mV (/7 = 6, < 0.01) after the injection. When elec- 
trodes containing 20 mM Mg-ATP/ 2 M KCl were used, 
similar results were obtained: the hypoxic hyperpolarization 
could not be obtained 10 min after ATP mjection was started 
(n = 5). The intracellular injection of the nonhydrolyzable 
ATP analogue AMP-PNP (20 mM) markedly depressed the 
hypoxic hyperpolarization without affecting the posthypoxic 
hyperpolarization. In five neurons tested, the amplitude of 
the hypoxic hyperpolarization was significantly reduced to 
3.5 ± 1.0 mV (P < 0.01) compared with 8.5 ± 2.6 mV 
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before the injection, whereas the amplitude of the posthyp- 
oxic hyperpolarization was 1 1.2 ± 1.3 mV before the injec- 
tion and 11 ± 2.4 mV after the injection. Similarly, hypeipo- 
larizations of 7.3 ± 3.2 mV induced by 10 mM dinitrophenol 
were abolished by intracellular ATP injection in all five 
neurons tested (Fig. 5B). 

DISCUSSION 

Oiir previous study demonstrates that the hypoxic hyper- 
polarization in hippocampal CAl neurons is unaffected by 
Co^"" (2 mM) or tetrodotoxin (0.3 /zM) medium, which 
completely blocks spontaneous and evoked synaptic poten- 
tials (Fujiwara et al. 1987). This finding indicates that the 
response is brought about by a direct action of hypoxia on 
the impaled neuron. The hyperpolarization is markedly en- 
hanced in K^-free media and is depressed in high-K"*^ (10 
mM) solutions, whereas the hyperpolarization is not signifi- 
cantly affected by low-Cl" or low-Na"" medium. The hyper- 
polarization reverses in polarity at -83 mV (Fujiwara et al. 
1987), which is comparable with the value in the present 
study. These results suggest that the hypoxic hyperpolariza- 
tion is mainly due to activation of K"*" channels. The contri- 
bution of the activation of Katp channels in the hypoxic 
hyperpolarization will be discussed in the following section. 

Antagonists and agonists of Katp channels 

The highest binding densities of radioactively labeled gh- 
benclamide, a sulfonylurea, which is a specific Katp channel 
blocker (Bemardi et al. 1988; Geisen et al. 1985), have 
been reported in the cortex, hippocampus, cerebellimi, and 
substantia nigra in the CNS (Jiang et al. 1992; Mourre et 
al. 1989; Xia and Haddad 1991). The binding densities of 
ghbenclamide in rat brain appear to be dense after birth; 
most of the binding sites are well developed within 3 wk 
after birth (Xia et al. 1993). The present study shows that 
in -80% of hippocampal CAl neurons tested, the sulfonyl- 
ureas tolbutamide and ghbenclamide depressed both the hyp- 
oxic hyperpolarization and the corresponding net outward 
current. The half-maximum inhibition of tolbutamide for the 
Katp channel activity is 3-17 ^M in pancreatic )0-cells 
(Belles et al. 1987; GilHs et al. 1989; Trube et al. 1986; 
Zimkler et al. 1988), 60 in skeletal muscle (Woll et al. 
1989), and 380 ^M in cardiac muscle (Strugess et al. 1988). 
On the other hand, the half-maximum inhibition of ghben- 
clamide is 4-27 nM in pancreatic ^^-cells (Belles et al. 1987; 
Ziinkler et al. 1988) and 20 /xM in smooth muscle cells 
(Standen et al. 1989; also cf. Ashcroft and Ashcroft 1990). 
In the present study, the values for the half-maximum inhibi- 
tion of tolbutamide and ghbenclamide inhibition of the hyp- 
oxic hyperpolarization were 12 and 6 yM, respectively. Thus 
these values are comparable with diose in yS-cells and smooth 
muscle, respectively. 

Neither tolbutamide nor ghbenclamide at high concentra- 
tions ( 100 /iM) affected a slow spike afterhyperpolarization, 
which is induced by increased Ca^^ -dependent K"^ conduc- 
tance ( Lancaster and Nicoll 1987), and a posthypoxic hyper- 
polarization, which is produced by reactivation of the elec- 
trogenic Na^-K" pump (Fujiwara et al. 1987). Moreover, 
the reversal potential of the hypoxic hyperpolarization was 
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not affected by these sulfonylurea compoxinds. The results 
suggest that tolbutamide and glibenclamide (3 - 100 //M) act 
on sulfonylurea receptors in CAl neurons, with concomitant 
inactivation of the coupled Katp channels. The Katp channels 
characterized in heart, skeletal and smooth muscles, and pan- 
creatic ^-cells are only activated when the [ATP]i declines 
by 30-50% of normal levels (Noma and Shibasaki 1985). 
In guinea pig hippocampal slice preparations, [ATP]; is de- 
creased by --15% within 2 min of exposure to hypoxia 
(Lipton and Whittingham 1982). Thus a brief application 
of hypoxia for 2-4 min would be expected to activate Katp 
channels in -80% of hippocampal CAl neurons. Even in 
the presence of 100 tolbutamide or ghbenclamide, how- 
ever, the hypoxic hypeipolarization was not completely 
blocked; 30-36% of the amplitude of the hypoxic hyperpo- 
larization was resistant to Katp channel blockers. Further- 
more, in the remaining 20% of CAl neurons, up to 100 fiM 
concentrations of tolbutamide or glibenclamide did not affect 
the hypoxic hyperpolarization. The sensitivity of Katp chan- 
nels for tolbutamide or glibenclamide is different in various 
tissues, described above. In epithelial cells, Katp channels 
are not affected by either tolbutamide or glibenclamide (cf 
Ashcroft and Ashcroft 1990). It is therefore possible that 
the Katp channels in hippocampus are heterogeneous and 
some of them are insensitive to tolbutamide and glibenclam- 
ide. On the other hand, there is another possibility that the 
sulfonylurea-insensitive hypoxic hyperpolarization could be 
mediated by activation of another species of K^ channels, 
such as Ca^^ -dependent K+ channels (Yamamoto et al! 
1997). 

In --40% of CAl neurons tested in the present study, 
activators of Katp channels, such as diazoxide and nicorandil 
(Trube et al. 1986; also cf Ashcroft and Ashcroft 1990), 
mimicked the hypoxic hyperpolarization, and pretreatment 
with these drugs occluded the hypoxic hyperpolarization. 
These results indicate that in these neurons the activation of 
Katp channels may contribute to the hypoxic hyperpolariza- 
tion. Nevertheless, diazoxide or nicorandil did not produce 
any hyperpolarization in the remaining 60% of neurons, 
whereas tolbutamide or glibenclamide produced a depolar- 
ization and depressed the hypoxic hyperpolarization in 
-^-80% of the neurons tested. This discrepancy may be due 
to the fact that in the experiments in which diazoxide and 
nicorandil were used the slices were prepared from relatively 
young (just after 3 wk postnatal) rats, which may only have 
a small number of Katp channels. The activation of Katp 
channels by diazoxide depends on the [ATP]i; diazoxide 
induces openings of the channel at <1 mM [ATP]i, but has 
little effect at >1 mM (Trube et al 1986). The cortical 
concentration of [ATP]i is —3 per g wet wgt (Hansen 
1985). Thus an alternative explanation is that the infrequent, 
small responses to activators of Katp channels are due to 
high concentrations (>1 mM) of [ATPJj in hippocampal 
CAl neurons (Lipton and Whittingham 1982). 

ATP dependency of the hypoxic hyperpolarization 

When ATP was injected into the recording neuron, hyp- 
oxia failed to induce a hyperpolarization, suggesting that the 
hypoxic hyperpolarization is highly dependent on [ATP];. 
Furthermore, application of the metabolic inhibitor dinitro- 



phenol mimicked the hypoxic hyperpolarization, and the di- 
nitrophenol-induced hyperpolarization was reduced by pre- 
treatment with tolbutamide and inhibited by intracellular in- 
jection of ATP. Dinitrophenol reduces the transmembrane 
proton concentration gradient across an inner mitochondrial 
membrane, which results in a decline of ATP synthesis from 
mitochondria (Darnell et al. 1990). Taken together, these 
results support the hypothesis that deprivation of ATP in- 
duces the hypoxic hyperpolarization. 

Intracellular ATP injection by the use of electrodes con- 
taining Mg-ATP or K2-ATP similarly inhibited the genera- 
tion of the hypoxic hyperpolarization. It is therefore unlikely 
that some leakage of Mg^"*^ or K"*" through the electrode is 
involved in the depression of hypoxic hyperpolarization after 
ATP injection. Like ATP, the nonhydrolyzable ATP ana- 
logues AMP-PNP and adenylyl (y5,y-methylene) -diphos- 
phate have been reported to block Katp channels in heart, 
pancreatic )9-cells, and skeletal muscle (Ashcroft and Kakei 
1989; Cook and Hales 1984; Kakei et al. 1985; Spruce et 
al. 1987; Trube and Hescheler 1984). Similar results were 
observed in the present study; intracellular injection of AMP- 
PNP markedly reduced the hypoxic hyperpolarization. This 
result suggests that the blocking action of ATP on the gener- 
ation of the hypoxic hyperpolarization is not due to energy 
supply by hydrolyzation of ATP. 

In conclusion, the present study suggests that the hypoxic 
hyperpolarization is mainly due to the activation of Katp 
channels caused by the reduction of [ATP]j following hyp- 
oxic exposure. 
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1. Introduction 

The aim of the second part of this review is to 
consider the mechanisms by which cardiac drugs 
interact with potassium channels and currents in heart 
disease. 

Implications of channels as new targets for 
pharmacological interventions will be reviewed espe- 
cially with regard to the mechanisms of action of 
antiarrhythmic agents (old and new class III drugs, 
proarrhythmia, reverse-use dependence) and IK^^^p^ 
agonists in therapy of myocardial ischemia and 
preconditioning. Finally, the impairment (and, to a 
lesser extent, the pharmacological targeting) of K*^ 
currents in disease, including heart failure, cardiac 
hypertrophy and the congenital long QT syndrome, 
will be discussed. 



2. Potassium channel blockade in the treatment 
of arrhythmias 

2.1. Classification of antiarrhythmic agents 

Advances in our knowledge about the primary 
molecular structure of several channels has 
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provided an opportunity to determine antiarrhythmic 
drug binding sites. Until now, antiarrhythmic drugs 
have been classified in groups that were presumed to 
have common mechanisms of action. Over the past 
20 years, the most widely used classification has been 
that of Vaughan Williams, in which class III includes 
drugs that prolong action potential duration (APD) 
without affecting intracardiac conduction [1]. This 
results in an increase in refiractoriness, a well recog- 
nized antiarrhythmic effect. Amiodarone, sotalol and 
clofilium are the most representative agents of this 
class [1]. One of the mechanisms of action of these 
compounds is blockade of K"^ channels [2,3], al- 
though amiodarone and sotalol also display other 
activities. 

More recently, a new approach to the classification 
of antiarrhythmic drugs based 'on the molecular 
targets on which drugs act and on consideration of 
the mechanisms responsible for arrhythmias*, has 
been suggested [4], Pure channel blockers have 
been discovered and are currently being proposed for 
clinical use [5], These include several compounds 
that interact with IK^ and comprise a methanesul- 
fonamlide moiety: dofetilide, ahnokalant, E4031, 
sematilide, ambasilide, almokalant and ibutilide [5], 
the latter also activating a slow inward Na^ current 
[6]. 

One limitation to any attempt to reclassify antiar- 
rhythmic drugs arises fi*om the allocation of any 
individual drug to only one of the Vaughan Williams 
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classes or to only one of the molecular targets of the 
revisited classification. 

Indeed, several drugs of Vaughan Williams classes 
I and II also act on K"^ channels, thus displaying 
class III properties (Table 1). Moreover, class IV 
drugs (calcium-channel antagonists) may also inhibit 
calcium-dependent channels and ^-adrenergic 
blockers may have an effect on the IK^ current by 
modulation of sympathetic tone (see below). Similar- 
ly, * selective' class III antiarrhythmic drugs d,l- 
sotalpl and E-4031 inhibit not only IK^ current, but 
also IK(^^^) current, by blocking the atrial muscarinic 
receptor (D,L-sotalol) or the channel itself (E-4031), 
thus explaining the efficacy of class III agents in 
treatment or prevention of recurrences of supraven- 
tricular arrhythmias [7]. 

Although class III antiarrhythmic drugs have been 
used for almost 20 years, when amiodarone was 
recognized to control a broad spectrum of cardiac 
arrhythmias, a renewed clinical interest on these 
agents has resulted from concerns about the safety of 



Table 1 



Blockade of K"" 


channels with class I and class III 


antiarrhythmic drugs 


Class 


Drug 


IK 




IK, 


Ito, 






IK, 


IK. 




(orllo) 


Ia 


Quinidine 


+ 


+ 


-1- 


+ 




disopyramide 










lb 


LidocaTne 


0 


0 


0 


0 




mexiletine 










Ic 


Flecainide 


+ 


0 


0 


0 




encainide 










III 












Early class III 


Amiodarone 




0 




+ 


drugs 


D,L-Sotalor 


+ 


0 


+ 


+ 




Clofilium" 




+ 


0 




Selective IKr 


E-4031 










blockers 


D-Sotalol" 












Dofetilide 












Sematilide 












Risotilide 




0 


0 


0 




Ambasilide 












Almokalant 












Ibutilide 












Tedisamil 


+ 


0 


0 






Terikalant" 


0 


0 


+ 


+ 



* D,L-Sotalol with and D-sotalol without p-blocking activity. (From [2-7]). 
Abandoned. 



class I antiarrhythmic drugs raised by the Cardiac 
Arrhythmia Suppression Trial (CAST) findings [8]. 

2J.7. Amiodarone 

Amiodarone has been proved to be effective in the 
treatment of acute supraventricular arrhythmias, in- 
cluding conversion to sinus rhythm with intravenous 
or oral administration in recent onset atrial tach- 
yarrhythmias or other atrial tachycardias and also in 
the prevention of recurrences of supraventricular 
arrhythmias [9]. The drug has been shown to be 
unusually effective in the treatment of ventricular 
arrhythmias and prevention of recurrences of ven- 
tricular tachycardia or fibrillation [10]. In a dose- 
ranging study of 273 patients with sustained ventricu- 
lar tachycardia, intravenous amiodarone (525-2100 
mg by continuous infusion over 24 h) was associated 
with apparent antiarrhythmic response in 40.3% of 
patients. However, total and cardiac mortality rates 
were not different among the groups [11]. 

In the CASCADE study, 228 patients surviving 
out-of-hospital ventricular fibrillation not associated 
with a Q-wave infarction were randomly allocated to 
treat with amiodarone or 'conventional' class I 
antiarrhythmic therapy. Amiodarone was more effec- 
tive than class I drugs in preventing recurrences of 
fatal or life-threatening arrhythmias: survival free of 
cardiac death, resuscitated cardiac arrest or implanted 
defibrillator shock rates were 82% and 69% at 2 
years, 66% and 52% at 4 years, 53% and 40% at 6 
years for amiodarone and conventional class I therapy 
respectively [12]. 

Since there was no placebo group, the results of 
CASCADE should be interpreted bearing in mind the 
potential deleterious effects of class I drugs demon- 
strated in the CAST study, even among the patients 
who received an automatic implanted cardioverter/ 
defibrillator [8]. 

Several other studies demonstrated a better out- 
come in post-myocardial infarction patients with 
ventricular arrhythmias receiving amiodarone com- 
pared with controls. Amiodarone reduced the cardiac 
mortality rate by 61% in the 312 patients included in 
the Basel antiarrhythmic study of infarct size 
(BASIS) [13], by 44% in the 613 patients of the 
Polish amiodarone trial [14] and by 27% in the 1202 
patients in the Canadian myocardial infarction ar- 
rhythmia trial [15]. Although there was no reduction 
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in total cardiac mortality in the 1486 patients (with 
left-ventricular dysfunction) enrolled in the European 
myocardial infarction trial (EMIAT), a 35% decrease 
in arrhythmic death was observed [16], 

Patients with congestive heart failure and complex 
ventricular arrhythmias are at high risk of sudden 
death. Two trials examined the effects of amiodarone 
on mortality in patients with congestive heart failure 
and at least ten ventricular premature beats per hour. 
In the Grupo de Estudio de la Sobrevida en la 
Insuficiencia Cardiaca en Argentina (GESICA) study, 
amiodarone therapy was associated with a 28% 
reduction in mortality compared with the control 
group [17]. Conversely, no difference in overall 
mortality was found among the 674 patients enrolled 
in the double-blind, placebo-controlled veterans af- 
fairs survival trial of antiarrhythmic therapy in 
congestive heart failure (STAT-CHF), despite a 
significant suppression of ventricular arrhythmias 
[18]. One of the potential reasons for these differ- 
ences is that patients in GESICA had more severe 
heart failure with a baseline heart rate of 90/min 
compared with 80 beats /min in STAT-CHF. Indeed, 
their follow-up showed that amiodarone reduced 2- 
years mortality only in those with a baseline heart 
rate above 90 beats/min [19]. 

Finally, amiodarone trials in post-MI or CHF have 
shown that the drug is not associated with an increase 
in mortality or morbidity. However, the electrophy- 
siological reasons for the apparent safety of the drug 
are less well understood. Whether they are related to 
the class III antiarrhythmic properties or to a specific 
effect on one of the channels on which the drug 
acts, remains unknown. Indeed, amiodarone exhibits 
a broad spectrum of electropharmacologic effects 
including inhibitory actions on sodium channels, 
calcium channels, a- and |3-adrenoreceptors, thyroid 
hormone receptors, the Na-K ATP-ase and several 
K"" channels (IK,, IK,, 1.^,, IK^tp)- ^ could be 
overly simplistic — and also less than accurate — to 
categorize amiodarone simply as a class III antiar- 
rhythmic drug [19]. 

2.7.2 Sotalol 

D,L-Sotalol is a non-cardioselective ^-adrenergic 
blocking agent with additional class III antiarrhyth- 
mic properties which has been proved to be effective 
in the treatment of paroxysmal supraventricular ar- 



rhythmias (atrial flutter and fibrillation, supraventricu- 
lar reentrant tachycardias) and ventricular arrhyth- 
mias [20-22]. 

In the 486 patients suffering ventricular tachyar- 
rhythmias enrolled in the electrophysiologic study 
versus electrocardiographic monitoring (ESVEM) 
trial, sotalol was shown to be effective in 43% of the 
196 tested patients compared with 31% for the other 
drugs. After a 6.2 year follow-up, the actuarial 
probability of a recurrence of arrhythmia after a 
prediction of drug efficacy was less than half (43%) 
in the 84 patients treated with sotalol than in the 212 
patients treated with the other agents [23]. However, 
the apparent superiority of sotalol over the other 
agents is difficult to interpret in the absence of a 
placebo or a conventional p-blocker. In the study by 
Kiihlkamp et al., D,L-sotalol was also effective in the 
suppression of sustained monomorphic ventricular 
tachycardia inducible by programmed electrical 
stimulation refi-actory to class I antiarrhythmic drugs. 
However, five of the fifty patients enrolled ex- 
perienced recurrent ventricular tachyarrhythmias and 
one additional patient died during a 27 months 
follow-up [24]. The importance of D,L-sotalors P- 
blocking properties relative to its class III, i.e. IK^ 
blocking activity, in the suppression of ventricular 
arrhythmias is not known. Treatment with D,L-sotalol 
is associated with a substantial risk of proarrhythmia, 
especially torsades de pointes, which is more likely to 
be due to prolongation of repolarization elicited by 
the drug rather than to its p-blocking effects. 

In the ESVEM study, torsades de pointes occurred 
in 5.2% of patients receiving sotalol and seven of the 
ten episodes which were recorded during the follow- 
up of the 296 patients occurred in patients treated 
with sotalol [23]. 

In a study describing the safety profile of sotalol in 
the first 3257 patients treated for cardiac arrhythmias 
in double-blind and open-label clinical trials in the 
US, the overall incidence of proarrhythmia in adults 
was 4.3%, with a higher incidence of 6.5% of 
patients treated for life-threatening ventricular ar- 
rhythmias [21]. In addition, proarrhythmic events 
seem to be more common among children, in whom 
they are detected in about 10% of those receiving 
sotalol [20]. 

Thus, as sotalol-related torsades de pointes are 
promoted by hypokalemia, concomitant diuretic 
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therapy should be avoided [22]. Also, for the afore- 
mentioned reasons, D,L-sotalol should not be consid- 
ered to be an ordinary 3-blocker, but rather a mixed 
class II (P-blocker) and class III (IK, blocker) 
antiarrhythmic drug [22]. 

2.L3. D-Sotalol 

D-Sotalol, the dextrorotatary isomer of the race- 
mate D,L-sotalol also acts as a class III antiarrhythmic 
drug by blocking IK, but, unlike its racemic counter- 
part D,L-sotalol, it has only minimal (1/14'** of the 
racemic sotalol) P-blocking activity [3,5]. 

The electrophysiological effects of o-sotalol and 
other new class III antiarrhythmic agents include 
minimal (o-sotalol) or no (dofetilide, sematilide) 
bradycardia and prolongation of QT interval and 
effective refractory periods at atrial and His-Purkinje 
levels. 

The prolongation of APD may be assessed by the 
monophasic action potential recording from endocar- 
dial myocardium. Class III antiarrhythmic drugs 
increase the effective refractory period directly by 
prolongation of monophasic APD: 5*10"^ M in- 
travenous dofetilide, 1.5 mg/kg intravenous sotalol 
and 200 mg amiodarone daily increase the mono- 
phasic action potential by 13%, 17-20% and 30% 
respectively [25]. 

This results in a prominent antifibrillatory action in 
both atria and ventricles. This antifibrillatory action 
of D-sotalol is no longer observed in animal models 
where an elevated sympathetic activity is associated: 
however it is conserved with D,L-sotalol which also 
displays p-adrenergic properties [3,26]. This may 
result from the role played by the two components of 
IK, IK, and IK3. B-adrenergic stimulation increases 
the magnitude of 1^^^ which is insensitive to new class 
III drugs and, in turn, antagonizes the inhibition of 
IK, by these drugs [26]. In addition, myocardial 
ischemia antagonizes the effects of IK, blockers by 
activation of IK^^-p currents [5]. 

The survival with oral o-sotalol in patients with 
left-ventricular dysfunction after myocardial infarc- 
tion (SWORD) trial was intended to define the role 
of a selective class III antiarrhythmic agent without 
p-blocking properties in high risk post-myocardial 
infarction patients in whom non-selective class III 
drugs amiodarone and D,L-sotalol have been proved to 
be useful. Inclusion of 6400 patients with left-ven- 



tricular ejection fractions less than 40% after a 
myocardial infarction was planned, but the trial was 
stopped at the beginning of 1994 because of a higher 
mortality in the treatment group [27]. 

ZlA. Dofetilide 

The most potent selective IK, blocker currently in 
development is dofetilide which has no p-blocking 
activity. Dofetilide prolongs the APD, the effective 
and fimctional refractory periods to a similar extent in 
both atrium and ventricle. Dofetilide produces no 
change in the relationship of effective refractory 
period to monophasic APD, thus indicating that the 
drug prolongs refractoriness solely by virtue of its 
action on APD [25]. 

Administration of intravenous dofetilide in 12 
patients with coronary artery disease prolonged the 
QTc by 1 1%, atrial and ventricular monophasic APD 
by 31% and 27% respectively and increased the atrial 
and ventricular effective refractory period by 31% 
and 20% respectively. These changes were not corre- 
lated with modifications of QTc nor with changes in 
the concentration of dofetilide [25]. 

Prolongation of APD by dofetilide has been proved 
usefiil, by reducing the exitable gap, in terminating or 
preventing reentrant tachyarrhythmias both in atria 
and ventricles. Considering that class I antiarrhythmic 
agents usually fail whereas class III agents are often 
effective in treatment of type I atrial flutter (which 
has a reentrant electrophysiological mechanism), 
Crijns et al. compared the efficacy of a intravenous 
bolus of dofetilide (8 |xg/kg) with a bolus of flecaine 
(2 mg/kg) in 20 patients. Seven of the ten patients 
treated with dofetilide converted to sinus rhythm 
compared with only one patient treated with flecaine. 
This study, which was the first to compare the 
differential effects of class I and class III antiarrhyth- 
mic drugs on termination of atrial flutter clearly 
pointed out that dofetilide was effective despite a 
small prolongation of the atrial flutter cycle length 
whereas flecainide resulted in a dose related increase 
in atrial flutter cycle length but failed to convert the 
arrhythmia [28]. 

More recently, a study by Falk et al. showed that 
intravenous dofetilide restored sinus rhythm with a 
higher conversion rate in atrial flutter (54%) than in 
atrial fibrillation 14.5% [29]. 
Thus, as suggested by Crijns, dofetilide may be a 
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treatment of choice for patients with atrial flutter, 
especially when a single infusion is administrated in 
order to avoid potential proarrhythmic effects. 

Indeed, proarrhythmia may also be the major 
limitation of the drug, even when administered in a 
single infusion in the treatment of supraventricular 
tachycardias. Bianconi et al. compared dofetilide (8 
fig/kg), amiodarone (5 mg/kg) and placebo in 150 
patients. Dofetihde was associated with torsades de 
pointes in 8.3% and with non-sustained ventricular 
tachycardia in an additional 4.1% of patients [30]. 

There are only few data currently available on the 
use of dofetilide in treatment of ventricular arrhyth- 
mias. Electrophysiological studies in patients with 
ventricular tachycardia showed that dofetilide results 
in an 11-13% prolongation of both atrial and ven- 
tricular monophasic APD and an ensuing 10% in- 
crease in ventricular effective refractory period which 
is not affected by stimulation cycle length [31]. 

In the recent study by Bashir, intravenous 
dofetilide suppressed or slowed inducible ventricular 
tachycardia in 17 of 41 patients (41%) whereas in 
comparable populations sotalol was effective in 35% 
and class I drugs in 12-26% of cases. Torsades de 
pointes were observed in only one of the 41 patients 
but this should not be disregarded in view of the 
single infusion schedule [32]. 

The most important conclusions will be provided 
by the large DIAMOND trial (Danish investigations 
of arrhythmia and mortality on dofetilide) which 
consists of two separate, placebo-controlled studies of 
dofetilide in 3000 patients with heart failure or recent 
myocardial infarction associated with left-ventricular 
dysfunction (ejection fraction <35%) [33]. 



2.1.5, Sematilide 

Sematilide hydrochloride, an analogue of procain- 
amide that also blocks IK^ showed similar efficacy in 
suppressing the induction of sustained ventricular 
tachycardia in 41% of patients [34]. In 39 patients 
with congestive heart failure and a left-ventricular 
ejection fraction <40%, intravenous sematilide pro- 
duced dose-dependent increases in corrected QT 
intervals (4-14%) without any adverse hemodynamic 
effects on left-ventricular function. However, four 
patients had QT prolongation >25% from baseline 
and one of them experienced torsades de pointes [35]. 



ZL6. IbutiUde 

The investigational antiarrhythmic drug ibutilide 
prolongs repolarization by blocking IK^, but also 
inhibits the slow inward Na"^ current [6]. It has be 
shown to be effective in treating patients with recent 
onset atrial flutter or fibrillation. In the study by 
EUenbogen et al., where 200 patients with such 
arrhythmias were randomized to receive a single 
infusion of placebo or ibutilide, the drug terminated 
the atrial arrhythmia within 60 min of infusion m 
34% of patients (3% after placebo). Nevertheless, 
polymorphic ventricular tachycardia occurred in 3.6% 
of patients [36]. 

27.7. Tedisamil 

Torsades de pointes has still not been reported with 
tedisamil, a newly developed bradycardic class III 
drug that blocks two voltage-dependent currents 
in cardiac cells: Ito, and IK^. Nevertheless, there are 
few data available about tedisamil in humans. 
Tedisamil reduced heart rate and increased the mono- 
phasic APD and left-ventricular effective refractory 
period in a frequency-dependent fashion, thus dis- 
playing reverse-use dependence [37]. Further clinical 
studies are required to assess the efficacy and safety 
of the drug in humans. 

2.2. Proarrhythmia 

The common mechanism by which channel 
blocking antiarrhythmic agents increase refractori- 
ness, by prolonging repolarization, is also responsible 
for the well known side-effect of these drugs: 'tor- 
sades de pointes' and other increased QT interval- 
related ventricular arrhythmias [38]. 

These life-threatening side effects have been re- 
ported with class la, Ic and class III antiarrhythmic 
drugs, including newly developed agents such as 
dofetilide [28-31], ahnokalant [39], ambasilide [40], 
E 4031 [41], MK 499 [42], as well as more widely 
used compounds such as sotalol [22] and, to a lesser 
extent (0.7-1.3% patients only), amiodarone [10]. 

Hypokalemia in combination with diuretics or non- 
sedating antihistamines [44], may also promote proar- 
rhythmic effects. 

New insights into the mechanisms underiying 
antiarrhythmic drug related QT-prolongation and 
torsades de pointes have recently been suggested by 
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Antzelevitch and Sicouri [45]. Early after depolariza- 
tion and triggered activity, which are usually associ- 
ated with a prolonged repolarization, are also elicited 
by class la and class III antiarrhythmic drugs, hypo- 
kaliemia and slow heart rates. These phenomena, 
which are more readily induced in the His-Purkinje 
network, may also arise from a subset of myocardial 
cells from the midventricular myocardium. The sub- 
population of myocardial cells involved, now known 
as the M cells, play a key-role in after-depolarization 
and U-wave genesis by their ability to dramatically 
prolong APD with slowing stimulation rates. M cell 
action potential prolongation is enhanced by the 
blockade of the delayed rectifier currents (IK) by 
antiarrhythmic drugs and, conversely, mhibited by 
K"*" channel agonists such as pinacidil [45]. 

Faced with these possibly lethal proarrhythmic 
effects, it has not yet been established whether the 
selective blockade of channels by class III agents 
offers any particular advantage over class I agents, 
which are also potent inhibitors of sodium channels 
[2]. Torsades de pointes occur in 1-8% of patients 
receiving quinidine [38], but may exceed 5% in those 
receiving sotalol [38]. Conversely, the incidence of 
proarrhythmia with amiodarone (0.7-1.3% of pa- 
tients) is lower [2,10,43]. It has been argued that the 
somewhat greater channel selectivity of 

amiodarone compared with sotalol may contribute to 
a lower tendency for amiodarone to produce torsades 
de pointes [2,38,43]. However, these considerations 
remain speculative since amiodarone has also been 
reported not only to act on several channels (IK^, 
IK,, Ito, and IK^xp) but also to possess properties 
belonging to all four of the Vaughan Williams classes 
[3,4]. 

Thus, the relationship between channel selectivity 
of class III and class I drugs, antiarrhythmic efficacy 
and proarrhythmia, remains at best unclear. 

2.3. Reverse-use dependence 

Another controversial feature of selective K"^ 
blockers such as D-sotalol, E-4031 and dofetilide, is 
their ability to display 'reverse-use dependence' 
(reverse rate-dependence of action potential duration). 
This phenomenon, where the magnitude of the 
prolongation of repolarization decreases with in- 
creased stimulation rates, is explained by the greater 



affinity of the drug for the channel in its closed state, 
thus limiting clinical efficacy in arrhythmias of high 
ventricular rate [5,46]. Dofetilide has been shown to 
display apparent reverse-use dependence in several 
studies. Ventricular pacing in eight patients showed 
that the drug increased monophasic APD with a 
greater prolongation at longer than at shorter cycle 
lengths [47]. Also, QT intervals measured over a 
wide range of preceding RR intervals by 24-h Holter 
electrocardiography after oral administration of IK^ 
blockers showed that the reverse-use dependence was 
less prominent with d-sotalol than with dofetilide 
[48]. 

On the other hand, the conserved drug effect at 
faster rates (which is a prerequisite for treating 
tachyarrhythmias) was described in other clinical 
studies. No reverse-use dependence was observed in 
treating 50 patients with sustained monomorphic 
ventricular tachycardia inducible by programmed 
electrical stimulation receiving dofetilide [30]. Dur- 
ing ventricular pacing in humans, the prolongation of 
APD resulting from dofetilide administration re- 
mained unchanged, whatever the stimulation cycle 
length [30,31]. 

Finally, at the channel level dofetilide has been 
shown to be an open channel blocker and thus 
displays a normal use dependence [31,49,50]. 

These discrepancies may be explained by several 
considerations. The apparent reverse-use dependence 
of selective IK^ blockers may result from the in- 
creased contribution of IK3 and IK, to the net 
repolarization current at faster heart rates [47]. Ac- 
cordingly, the use-dependent behaviour of 
amiodarone may be explained by the concomitant 
block of IK3 and IK, by the drug [48]. Indeed, at 
faster rates, IK,, (on which dofetilide has no effect) is 
not only incompletely deactivated [31] but also 
enhanced in the presence of a high sympathetic 
activity [26]. Vanoli et al. showed that the mono- 
phasic APD resulting from administration of D-sotalol 
in anesthetized dogs is reduced by 40-60% by 
adrenergic stimulation [26]. 

A second explanation has been provided by Yuan 
and Roden who showed that IK^ blockade by 
dofetilide is strikingly dependent on extracellular 
potassium: low extracellular K'^ increases the drug 
block (thus explaining how hypokalemia facilitates 
drug induced torsades de pointes) and, conversely, 
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high extracellular K"*" (as promoted by myocardial 
ischemia or tachycardia) decreases the block, re- 
sulting in an apparent reverse-use dependent block 
[49]. 



3. Potassium channel agonists 

3,L Vasodilator actions: myocardial ischemia and 
heart failure 

Opening of K"^ channels results in outward cur- 
rents which polarize the cell membrane. The ensuing 
hyperpolarization prevents intracellular calcium entry 
through voltage-gated calcium channels and, in turn, 
prevents contraction. This results in vascular vasodi- 
latation, a decreased pre- and after-load and, there- 
fore, at cardiac level, in decreased myocardial oxygen 
demand associated with vasodilatation of coronary 
arteries. 

Most channel activators available today act by 
decreasmg the afJfinity of IK^^^p) channels for ATP, 
thus increasing the probability of channel opening. 
Accordingly, their efficacy is enhanced during is- 
chemia. 

To date, several compounds have been developed, 
including nicorandil, cromakalim and the related 
bimakalim, aprikalim and pinacidil. Minoxidil, a 
conventional antihypertensive drug used for over a 
decade, and diazoxide, which is also well known for 
its antihypertensive and hyperglycemic effects, also 
act by opening Ik^^^p^ channels. 

Nicorandil, a nicotinamide-derived vasodilator that 
acts as a agonist and also contains a nitrate 
moiety, reduces both cardiac afterload and preload 
via vascular smooth muscle cell relaxation. 

The acute hemodynamic effects at rest of orally 
administered nicorandil in patients with heart failure 
include decreases in systemic systolic and diastolic 
blood pressure, pulmonary capillary wedge pressure, 
right atrial pressure pulmonary artery pressure, sys- 
temic and puhnonary resistances [51], and an in- 
crease in resting cardiac output [52]. 

Until recently, the mechanism of the hemodynamic 
effects of nicorandil in congestive heart failure was 
thought to be due to the nitrate behavior of the drug. 
Tsutamoto et al., using the plasma arteriovenous 
cyclic guanosine monophosphate (cGMP) difference 



as an indicator of nitrate tolerance in patients with 
heart failure, showed that the absence of hemody- 
namic tolerance of nicorandil is likely to be due to its 
action as a K^^p channel opener and not to its nitrate 
activity [53]. 

Despite some controversy raised from a recent 
report [53], nicorandil has been proved to be useful in 
treating myocardial ischemia [54,55]. Orally adminis- 
tered nicoriandil increased duration of exercise to 
onset of angina and, to a lesser extent, exercise 
capacity in patients with stable coronary heart disease 
[55]. Also, in 37 patients with stable angina pectoris, 
the compound has been shown to produce similar 
improvements in exercise duration as atenolol [56]. 

3,2, Preconditioning and cardioprotective effects 

In addition to their potent vasodilator effects on 
coronary vasculature, it has been suggested that 
potassium channels openers exert a protective effect 
in the ischemic-hypoxic myocardium by opening 
myocyte K^^-p channels. As a result, they are believed 
to play a role in preconditioning, since their adminis- 
tration has also been shown both to reduce infarct 
size and to accelerate recovery from stunning in 
several experimental models [57,58] during which a 
short period of reversible ischemia (2-10 min) 
followed by an intervening reperflision (<2 h) 
protects the myocardium from a second ischemic 
insult by preventing the decrease in contractile func- 
tion ('myocardial stuiming') observed during a sus- 
tained reperfusion period [59]. 

The preconditioning stimulus elicits a cascade of 
intracellular events leading to protein kinase C- 
dependent activation of K^^p channels resulting in an 
outward K"^ current that shortens the action potential 
and limits ATP depletion and Ca^^ influx. This in 
turn results in myocardial protection by slowing cell 
metabolism and decreasing ATP consimiption [60]. 

Administration of K"*^ channel agonists prior to 
ischemia results in a similar cardioprotective effect. 
In several models of transient reversible ischemia, K"^ 
channel openers such as nicorandil, pinacidil, ap- 
rikalim, bimakalim, cromakalim decreased myocar- 
dial stunnmg during sustained reperfusion, with 
segmental shortening at the end of reperfusion being 
improved from 20% to 75% of its pre-ischemic 
control value [59,63]. In a large number of animal 
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Studies K^TP channel openers have also been proved 
to be able to slow the progression of an ischemic 
injury, thus resulting in a significant reduction in 
myocardial infarct size, provided the drug is adminis- 
tered before ischemia (review in [61]]. These two 
cardioprotective effects result from K^^p channel 
activation because they are antagonized by gliben- 
clamide, a selective K^^-p channel blocker [57-61]. 

In a recent animal study, where changes in cor- 
onary blood flow (CBF) and APD were used as 
indexes of coronary vascular and myocyte K^^p 
channel activity respectively, Yao et al, demonstrated 
that intracoronary administration of either low or high 
doses of the potassium channel opener bimakalim 
markedly reduced myocardial infarction size to a 
similar extent, whatever the dose administered [62]. 
This protective effect of bimakalim, which occurred 
without systemic hemodynamic and CBF effects, was 
parallel to its effect on shortening APD, suggesting 
that potassiimi channel openers may exert part of 
their cardioprotective properties through the activa- 
tion of myocardial rather than coronary vascular K^-^p 
channels. However, the precise mechanism by which 
potassium channel openers reduce infarct size is not 
fiilly understood, since the lowest doses of in- 
tracoronary bimakalim used by Yao resulted in a 
similar infarct size reduction as was obtained by 
higher doses, but failed to shorten the APD. 

Thus, any conclusions suggesting that the cardio- 
protective effects of potassium channel openers could 
be supported by APD shortening and, in turn, by the 
resulting decreased intracellular calcium overload 
only, remain uncertain. Finally, as emphasized by 
Hearse, a conceptual framework has been developed 
to explain, mostly with theoretical and experimental 
arguments, the cardioprotective effects of K^tp open- 
ers [61]. 

Nonetheless, there is a growing body of evidence 
that preconditioning can also be induced in humans. 
Studies performed during angioplasty procedures 
have shown that signs of myocardial ischemia are 
less severe during repeat balloon inflations than 
during the first inflation. In the study of Tomai et al., 
where the balloon catheter was successively inflated 
for 2 min, deflated for at least 5 min and inflated 
again for 2 min, ST-segment shifts during the second 
inflation were less than during the first inflation, but 
were similar when glibenclamide was administered 



prior to the first inflation. Although some controversy 
has rise from the very short (2 min) preconditioning 
sthnulus, these data suggest that angioplasty-related 
preconditioning is also mediated by K^tp channels 
[63]. Moreover, pretreatment with intracoronary 
adenosine prior to the first mflation resulted in similar 
ST-segment shifts during both inflations in the study 
by Kerensky et al. [64]. This also supports the 
hypothesis that adenosine is the endogenous mediator 
of myocardial protection in humans. 

Finally, preconditioning during coronary artery 
bypass surgery has also been demonstrated. Two 
sequences of 3 min cross-clamping before 10 min 
global ischemia performed by Yellon et aL, resulted 
in preservation of intracellular ATP levels [65]. 

Thus, the new concepts of myocardial protection 
and preconditioning play a role in several clinical 
settings. 



3J. Arrhythmogenesis 

Despite their potential benefits in ischemic heart 
disease K^^p openers, by inducing myocardial 
efflux and shortening the action potential, may also 
be deleterious by promoting arrhythmias [66-68]. 
Although they prevent or reduce early and delayed 
after-depolarizations (by counteracting the respon- 
sible inward current) and abnormal automaticity 
(which arises at reduced restmg potential and repre- 
sents the substrate of the arrhythmias occurring in the 
acute phase of myocardial infarction), they enhance 
re-entry (due to the shortened action potential) [66]. 
Moreover, as re-entry plays a key-role in myocardial 
ischemia related ventricular arrhythmias, K^^p agon- 
ists may adversely affect the outcome of patients with 
coronary artery disease. Finally, the occurrence of 
heterogeneity in slowed conduction, decreased refrac- 
toriness and increased extracellular K"^ levels may 
worsen these effects [66]. Conversely, the arrhythmo- 
genic effects of K^^p openers may be attenuated by 
their cardioprotective effects which may delay and /or 
postpone the consequences of ischemia [61,66]. Also, 
the clinical relevance of this controversy remains 
uncertain. The small size studies which have been 
performed have not documented adverse proar- 
rhythmic effects. Larger scale prospective trials are 
required. 
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4. Impairment of potassium currents in disease 

4.L Heart failure 

Several K"^ currents are impaired in heart failure, 
resulting in changes in both resting potential and 
APD. 

Electrophysiological studies performed in ex- 
planted failing hearts have demonstrated a decreased 
resting membrane potential recorded from isolated 
atrial myocytes. This diastolic depolarization has 
been shown to be caused by the impairment of both 
IK, and IK^^^h) currents, thus decreasing the whole 
K conductance. Two different mechanisms were 
suggested by Koumi et al., including a diminished 
IK, and IK^^ch) channel density in atrial cells associ- 
ated with a decreased sensitivity of IK^^^.,,^ chaimels 
to Gi-mediated Ach-stimulation of Mj-receptors [69]. 
More recendy, an increased 1^ current has also been 
described in himian ventricular myocytes from three 
patients with heart failure [70]. Although 1^ density in 
ventricular myocytes of hypertrophied and failing 
hearts from animals has been correlated with the 
severity of heart failure, the clinical relevance of 
these changes in humans remains unknown [70]. 

Prolongation of the APD is the second major 
electrophysiological feature of heart failure [71]. It 
has been shown to result from reduction in the 
transient outward current Ito, which has been docu- 
mented in failing ventricular myocytes both in ex- 
perimental models and in humans [75]. This abnor- 
mality, which is more pronounced in middle ventricu- 
lar myocytes (M cells) may also result in enhanced 
spatial inhomogeneities of repolarization which has 
been regarded as one of the main underlying mecha- 
nisms of sudden death in heart failure, by promoting 
after depolarization and triggered activity. 

The arrhythmogenic consequences of action po- 
tential prolongation, including increased duration, 
spatial and temporal dispersion of QT have extensive- 
ly been reviewed by Tomaselli et al. [71]. 

4.2. Long QT syndrome 

Mutations in HERG, the gene that encodes the 
major subunit of the cardiac IK, channel, cause 
chromosome 7-linked (7q35) congenital long QT 
(LQT2) syndrome, that is inherited as an autosomal 



dominant trait and is associated with torsades de 
pointes and sudden death. Several missense muta- 
tions, including one in the pore region (G628S, the 
most severe), of HERG have been identified and 
cause a loss of HERG [72,73]. 

In addition, mutations causing the long QT- 
syndrome have been identified in two other genes: 
KVLQT, (llpl5.5), a newly cloned gene encoding 
for a still not imidentified K^ channel (KVLQT, 
mutations account for more than 50% of congenital 
LQTS) and SCN5A, the gene encoding for the 
cardiac sodium channel a-subunit (LQT3 syndrome) 
[73]. 

A mechanistic link between inherited and acquired 
LQT2 syndrome has been established since hypo- 
kalemia also results in a decreased HERG current 
and, in turn, in prolonged repolarization. Also, it has 
recently been shown that class III antiarrhythmic 
drugs block the HERG channel, thus confirming the 
link between acquired (drug-induced) and congenital 
long QT syndrome [49,74]. 



5. Side-effects of non-cardiac drugs 

Cardiac arrhythmias have been reported in patients 
who ingested overdoses of non-sedating antihis- 
tamines. These proarrhythmic effects were also seen 
in patients treated with terfenadine or astemizole, 
who had liver failure or co-treatment with other drugs 
competing for the same hepatic cytochrome P-450 
system, such as ketoconazole and erythromycin [75]. 

The underlying mechanism of this rare but poten- 
tially life-threatening proarrhythmic effect of non- 
sedating antihistamines has recendy been shown to be 
potassium channel blockade [44]. In contrast to class 
III antiarrhythmic drugs that act predominantly via 
inhibition of the delayed outward K^ current, IK, 
terfenadine and astemizole cause a voltage-dependent 
blockade of the inward rectifier, IKl, and to a lesser 
extent, of the transient outward Ito,. Conversely, 
terfenadine has only a small effect on IK. As 
mentioned by Berul and Morad, blockade of IKl and 
Ito, results in prolongation of the APD and QT 
prolongation. These effects occur only at high drug 
concentrations and, therefore, are 'consistent with the 
scarcity of clinical reports of arrhythmia and sudden 
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death, despite the widespread use of these agents' 
[44], Also, they may arise iinder conditions when 
repolarization is already compromised such as the 
congenital long QT syndrome. More recently, ter- 
fenadine has been shown to block HERG, whereas 
terfenadine carboxylate, its major metabolite does 
not. This may explain why ketoconazole may pro- 
mote arrhythmias in patients treated with terfenadine 
[76]. 

The clearance of cisapride, a peristaltic drug, is 
also decreased by ketoconazole. Two cases of tor- 
sades de pointes have been reported with the com- 
bined therapy [77]. 

The adverse effects of erythromycin, another drug 
which may prolong APD and promote early after- 
depolarizations and torsades de pointes has been 
recently recognized as the IK^ channel of M cells 
[78,79]. 

Finally, torsades de pointes may be promoted by 
several other drugs, especially antimicrobial agents 
such as quinine, chloroquine, halofantrine, penta- 
midine, spiramycin, trimethoprime-sulfamethox- 
azole, but the precise mechanisms by which the 
arrhythmias are induced at channel level require 
further investigation. 



6. Conclusion 

The role played by cardiac currents and 
channels in pharmacological interventions in heart 
disease has increasingly been recognized. 

IK^ blockers have antiarrhythmic properties but 
their use is limited by a substantial risk of proar- 
rhythmic effects. New insights into the electrophysio- 
logical mechanisms by which life-threatening ven- 
tricular arrhythmias compromise survival of patients 
with heart failure and /or antiarrhythmic drug therapy 
suggest that these adverse effects result from tie 
impairment of one or several currents. Accurate 
identification of the K"^ channels involved could help 
to define targeted therapeutic approaches. 

In addition, the new concepts of the role of K^^p 
channels in myocardial ischemia and cardioprotection 
resulting from preconditioning are also expected to 
generate a broad spectrum of clinical applications. 
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Takaba, Mitonoii, TetsioMko Nagao, HirosM Yao, Ta- 
Ikaiiari Kitazosno, Setsuoro IbayasMy asud MasatosM Fu- 
jisMma. An ATP-sensitive potassixim channel activator re- 
duces infarct volume in focal cerebral ischemia in rats. Am. J. 
Physiol 273 (Regulatory Integrative Comp, Physiol 42): 
R583-R586, 1997.— ATP-sensitive potassium channels are 
activated under hypoxic or ischemic conditions. The effects of 
ATP-sensitive potassium channel activators on cerebrovascu- 
lature and cerebral blood flow (CBF) are not well imderstood. 
We examined the effect of the ATP-sensitive potassium chan- 
nel activator Y-26763 on focal cerebral ischemia in rats. In 24 
spontaneously hypertensive rats, either Y-26763 (24 ji^/kg) or 
vehicle was given by intracarotid infusion over 60 min, 
starting 30 min before photochemically induced thrombotic 
occlusion of the middle cerebral artery. CBF was measured by 
laser-DoppIer flowmetry in the peri-ischemic penumbral cor- 
tex. Although Y-26763 lowered systemic blood pressure by 13 
mmHg, the infarct volume assessed 3 days after the occlusion 
was significantly smaller in the Y-26763-treated group {n = 
12, 71.2 ± 22.0 mm3) than in the control group (n = 12, 94.7 ± 
20.4 mm3, P = 0.013). Y-26763 did not affect CBF before or 
after occlusion compared with CBF values of the control 
group. The results are consistent with the view that the 
activation of the ATP-sensitive potassium channel is neuropro- 
tective in focal cerebral ischemia. 

cerebral blood flow; photothrombosis 



SYNTHETIC ACTIVATORS of ATP-sensltive potassium (Katp) 
channels hyperpolarize the membrane, block voltage- 
dependent Ca2+ influx, and thereby cause relaxation of 
vascular muscle (7, 22). Previous studies from our own 
(14, 15, 20) and other laboratories (9) confirmed that 
Katp channels are present and functional in cerebral 
blood vessels. Because K^tp channels are activated 
under hypoxic or ischemic conditions (6, 17), activators 
of Katp channels may increase cerebral blood flow 
(CBF), particularly in the ischemic and/or peri-isch- 
emic region. 

Katp channels are also present in neurons (2, 11-13). 
Thus Katp channels may protect neurons against isch- 
emia through their membrane-stabilizing action (inhi- 
bition of excessive neuronal excitation through mem- 
brane hyperpolarization) rather than by their 
circxxlatory improvements. Indeed, some activators of 
Katp channels exert beneficial effects in global ischemia 
when administered into cerebral ventricles (8). How- 
ever, it remains to be elucidated whether activators of 
Katp channels are capable of reducing neuronal dam- 
ages in focal cerebral ischemia, which is clinically more 
relevant to human brain infarction. The purpose of this 
study was to examine whether the intracarotid infusion 
of the Katp channel activator Y-26763 (16) reduces 



infarct volume produced by photochemically induced 
thrombotic middle cerebral artery (MCA) occlusion in 
spontaneously hypertensive rats (SHR). 

METHODS 

Twenty-four male SHR (4-5 mo old, 300-375 g) were 
anesthetized with halothane (4% for induction, 1.5% during 
the surgical preparation with a face mask, 0.75% after 
intubation, and 0.5% for maintenance) in a mixtmre of 70% 
nitrous oxide and 30% oxygen. The right femoral artery and 
vein were cannulated with PE-50 tubing. Another catheter 
was inserted into the right common carotid artery for infusion 
of Y-26763 or vehicle. The proximal right common carotid 
artery was then ligated. The rats were endotracheally intu- 
bated Avith PE-240 tubing. The rats were mechanically venti- 
lated after iromobilization with pancronium bromide (an 
initial dose of 0.3 mg iv followed by 0.1 mg every 30 min). 
Arterial blood gases were monitored and maintained within 
normal limits throughout the experiments. Rectal and head 
temperatures were maintained at 37.5 and 36.0-36.5*C, 
respectively, by means of a heating pad and a warming lamp. 
Rats were placed on a stereotaxic head holder in the sphinx 
position and a 2-cm incision was made vertically midway 
between the right orbit and the right external auditory canal. 
The temporalis muscle was separated and retracted, and a 
burr hole (3 mm in diameter) was made 1 mm rostral to the 
anterior junction of the zygoma and squamosal bones under 
an operating microscope, revealing the distal segment of the 
MCA above the rhinal fissxxre. 

After the MCA was exposed, thrombotic occlusion of the 
distal MCA was produced photochemically according to the 
method of Yao and colleagues (21, 23). Briefly, a krypton laser 
operating at 568 nm (Innova 301, Coherent) was used to 
irradiate the distal MCA at a power of 20 mW. The laser beam 
was focused with a cyUndrical lens and positioned with a 
mirror on the distal MCA The corresponding energy at the 
focal plane was —64 mW/mm^. The photosensitizing dye rose 
bengal (15 mg/ml in 0.9% saline; Wako Pure Chemiced 
Industries) was administered intravenously to a body dose of 
20 mg/kg over 90 s starting simultaneously with 4 min of 
laser irradiation. 

Regional CBF was measured by laser-Doppler flowmetry 
(5) as previously described (20). A laser-Doppler probe was 
placed close above the diu*a mater 3 mm posterior and 3 mm 
lateral to the bregma. This probe was connected to a perfu- 
sion monitor (ALF 21D, Advance). Because visible light 
interferes with laser-Doppler flowmetry, the heating lamp 
was temporarily turned off during measurements of CBF. 
Changes in CBF were expressed as a percentage of the 
average of two baseline values. 

Intracarotid infusion of Y-26763 (0.1-1.6 /ig kg-i-min-i 
for 1 min) transiently increased CBF vsdthout affecting sys- 
temic blood pressure (20). In contrast, intravenous infusion of 
Y-26763 (0.6 //g kg-^ min-^ for 60 min) effectively lowered 
arterial pressure (unpublished observation). On the basis of 
these previous data, we infused Y-26763 (0.4 //g kg-i-min-^ 
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for 60 min) into the common carotid artery in this study, 
expecting this compound to reach the brain as much as 
possible without changing systemic blood pressure consider- 
ably. Y-26763 (total dose 24 ^g/kg), dissolved in dimethyl 
sulfoxide (DMSO) or the same volume of DMSG as a vehicle, 
was iiyected into the right common carotid artery using a 
constant infusion pump (EP-60, Eicom) over 60 min starting 
30 min before the distal MCA occlusion. 

Two hours after distal MCA occlusion, the head wound was 
closed and the catheters were removed. The rats were care- 
fully weaned from the respirator and returned to the home 
cage after regaining the ability to breathe independently. 

After 3 days, the rats were decapitated under amobarbital 
anesthesia (100 mg/kg ip), and the brains were rapidly 
removed. The entire brains were cooled in ice-cold saline for 
10 min and cut into 2-mm-thick coronal sections in a cutting 
block, £uad the brain slices were then immersed in 2% 
2,3,5-triphenyltetra2olium chloride (Wako Pure Chemical 
Industries) at 37°C for 30 min in the dark (3). The posterior 
surface of each section was photographed, and the infarct 
area, indicated by the lack of staining, was calculated by 
means of National Institutes of Health Image software (ver- 
sion 1,56). The infarct volume of each rat was calculated as 
the product of the infarct area times the 2-mm thickness of 
each section. 

All values are expressed as means ± SD. Physiological 
variables and infarct volumes were compared between the 
control and the Y-26763-treated groups by means of an 
impaired i-test. Mann-Whitney U test was used for compari- 
sons of CBF. P values less than 0.05 were considered to be 
statistically significant. 

RESULTS 

Mean arterial blood pressure in the Y-26763-treated 
group was significantly lower than that in the control 
group before and after distal MCA occlusion. No signifi- 
cant diflFerences were observed in arterial blood gases 
or hematocrits between the two groups throughout the 
experiment (Table 1). CBF was measured in five rats of 
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Fig. 1. Changes in cerebral blood flow (CBF) in control (n = 5) and 
Y-26763-treated (n = 5) groups. Bars represent means ± SD. 



each group. Y-26763 did not affect CBF before and afl^er 
the occlusion (Fig, 1). 

The area of infarction that was limited to the neocor- 
tex with a sharply marginated infarct rim was reduced 
in most sections in the Y-26763-treated group compared 
with the control group (Fig. 2, A and 5). However, the 
diflFerence did not reach statistical significance. The 
infarct volxune was significantly smaller in the Y-26763- 
treated group (71.2 ± 22.0 mm3) than in the control 
group (94.7 ± 20.4 mm^, P = 0.013, Fig. 3). 

DISCUSSION 

The present study revealed that the intracarotid 
infusion of the Katp channel activator Y-26763 reduced 
infarct volume when given 30 min before photochemi- 
cally induced thrombotic MCA occlusion in rats. Thus 
the activation of the K^tp channel appears to be neuro- 



Table 1. Physiological variables 



Control (n = 12) 








MABP,mmHg 


164 ± 


10 


162 ±10 


PC02, mmHg 


36 ± 


2 


36±3 


P02, mmHg 


132 ± 


24 


132 ±23 


PH 


7.42 ± 


0.03 


7.41 ±0.03 


Hematocrit, % 


42 ± 


3 


41±3 


Glucose, mg/dl 


109 ± 


20 


112 ±12 


nemperature, "C 






Rectum 


37.2 ± 


0.1 


37.1 ±0.1 


Head 


36.2 ± 


0.5 


36.2 ±0.5 


Y-26763 (n = 12) 








MABP, mmHg 


163 ± 


9 


149 ±9* 


PCO2, mmHg 


37 ± 


4 


37±5 


P02, mmHg 


131 ± 


27 


133 ±26 


pH 


7.40 ± 


0.03 


7.39 ±0.04 


Hematocrit, % 


42 ± 


3 


41 ±3 


Glucose, mg/dl 


111± 


16 


104 ±18 


Tfemperature, 'C 








Rectum 


37.2 ± 


0.1 


37.1 ±0.1 


Head 


36.3 ± 


0.4 


36.3 ±0.4 



Distal MCA Ocdtision 



Rest 0 min 5 min 



30 min 120 min 



182 ±14 175 ±14 161 ±14 

36±4 
133 ±27 
7.41 ±0.03 
42±2 
121 ±18 

37.1 ±0.2 37.1 ±0.1 37.1 ±0.1 

36.2 ±0.5 36.2 ±0.5 36.4 ±0.5 

174 ±16 154 ±20* 144 ±13* 

36±2 
127 ±18 
7.40 ±0.02 
41±2 
112 ±13 

37.2 ±0.1 37.1 ±0.1 37 1 ±01 

36.2 ±0.4 36.2 ±0.4 36.2 ±0.4 



Values are means ± SD (n = 12). ♦/> < 0.01 vs. control by unpaired f-test. MCA, middle cerebral artery; MABP, mean arterial blood pressure. 
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answered by comparing infarct volumes in rats treated 
by the specific inhibitor glibenclamide and its vehicle. 
Inhibition of the eflTect of Y-26763 and the identification 
of an intrinsic mechanism using glibenclamide warrant 
further experimentation. 

Perspectives 

Although the precise mechanism underlying the neu- 
roprotective effect of Y-26763 is not clear, it may be 
explained from the viewpoint of glutamate-mediated 
excitotoxicity, which is now accepted as a m^or contrib- 
uting factor to ischemic netironal damage (4, 10, 18, 
19). Two beneficial properties can be expected from 
Y-26763. First, it is possible that Y-26763 prevents Ca^^ 
entry by hyperpolarizing presynaptic nerve terminals 
and consequently inhibits glutamate release. In rat 
hippocampus, Katp channels densely distributed in 
mossy fibers, which are associated with glutamate 
release (13). Second, Y-26763 may hyperpolarize post- 
synaptic neurons and confer resistance to the depolar- 
ization induced by the stimulation of glutamate recep- 
tors. In support of this notion, Katp channels are 
present in the postsynaptic neurons of the rat hippocam- 
pus (13), and the Katp channel activators cromakalim 
and diazoxide abolish excitotoxicity in cultured hippo- 
campal pyramidal neurons (1). 

In this study, our primary aim was to examine 
whether or not the activation of Katp channels protects 
against focal cerebral ischemia by intracarotid adminis- 
tration. Therefore, the drug was given before the 
introduction of ischemia to get the maximal effect. In 
clinical settings, a drug must be neuroprotective even if 
it is given afl;er the onset of stroke. On the basis of the 
current results, it would be necessary to push our 
experiments forward with therapeutic considerations. 

In conclusion, intracarotid infusion of Y-26763 re- 
duced ischemic neuronal damage in the photothrom- 
botic focal ischemia model in rats. The mechanism 
underlying the neuroprotective effect of the Katp chan- 
nel activator may be stabilization of the nem-onal 
membrane. 

Y-26763 was kindly provided by Yoshitomi Pharmaceutical, 
Fukuoka, Japan. 

Address for reprint requests: H. Takaba, Second Dept. of Internal 
Medicine, Faculty of Medicine, Kyushu Univ., Maidashi 3-1-1, 
Higashi-ku, Fukuoka 812-82, Japan. 

Received 5 February 1997; accepted in final form 4 April 1997. 
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Le Corronc, Herv6, Bernard Hue, and Robert M. Pitman. Ionic 
mechanisms underlying depolarizing responses of an identified in- 
sect motor neuron to short periods of hypoxia. 7. Neurophysiol 
81: 307-318, 1999. Hypoxia can dramatically disrupt neural pro- 
cessing because energy-dependent homeostatic mechanisms are 
necessary to support normal neuronal function. In a hiunan context, 
the long-term effects of such disruption may become all too appar- 
ent after a **stroke/* in which blood-flow to part of the brain is 
compromised. We used an insect preparation to investigate the 
effects of hypoxia on neuron membrane properties. The preparation 
is particularly suitable for such studies because insects respond 
rapidly to hypoxia, but can recover when they are restored to 
normoxic conditions, whereas many of their neurons are large, 
identifiable, and robust. Experiments were performed on the *'fast*' 
coxal depressor motoneuron (Df ) of cockroach {Periplaneta amer- 
icana). Five-minute periods of hypoxia caused reversible 
multiphasic depolarizations (10-25 mV; « = 88), consisting of 
an initial transient depolarization followed by a partial repolariza- 
tion and then a slower phase of further depolarization. During the 
initial depolarizing phase, spontaneous plateau potentials normally 
occurred, and inhibitory postsynaptic potential frequency increased 
considerably; 2-3 min after the onset of hypoxia all electrical 
activity ceased and membrane resistance was depressed. On reoxy- 
genation, the membrane potential began to repolarize ahnost imme- 
diately, becoming briefly more negative than the normal resting 
potential. All phases of the hypoxia response declined with re- 
peated periods of hypoxia. Blockade of ATP-dependent Na/K 
pump by 30 /xM ouabain suppressed only the initial transient depo- 
larization and the reoxygenation-induced hyperpolarization. Re- 
duction of aerobic metabolism between hypoxic periods (produced 
by bubbling air through the chamber instead of oxygen) had a 
similar effect to that of ouabain. Although the depolarization seen 
during hypoxia was not reduced by tetrodotoxin (TTX; 2 pM), 
lowering extracellular Na^ concentration or addition of 500 /xM 
Cd^^ greatly reduced all phases of the hypoxia-induced response, 
suggesting that Na influx occurs through a TTX-insensitive Cd^""- 
sensitive channel. Exposure to 20 mM tetraethylammonium and 
1 mM 3,4-diaminopyridine increased the amplitude of the hypoxia- 
induced depolarization, suggesting that activation of K channels 
may normally limit the amplitude of the hypoxia response. In con- 
clusion we suggest that the slow hypoxia-induced depolarization 
on motoneuron Df is mainly carried by a TTX-resistant, Cd^"^- 
sensitive sodium influx. Ca^"*^ entry may also make a direct or 
indirect contribution to the hypoxia response. The fast transient 
depolarization appears to result from block of the Na/K pump, 
whereas the reoxygenation-induced hypeipolarization is largely 
caused by its subsequent reactivation. 



INTRODUCTION 

The ability of a neuron to transmit signals is highly depen- 
dent on its ability to regulate its transmembrane ionic gradi- 



ents and resting potential. Because such ionic gradients are 
maintained by energy-dependent ion pumps, suppression of 
ATP synthesis can have serious consequences. It is well 
known that mammalian central neurons cannot incur an oxy- 
gen (O2) debt and, as a consequence, are particularly suscep- 
tible to hypoxia (reduction of O2 supply to tissues below 
physiological levels) or ischemia (Fujiwara et al. 1987; Glot- 
zner 1967; Godfraind et al. 1971; Grossman and Williams 
1971; Hansen et al. 1982; Misgeld and Frotscher 1982; Neg- 
ishi and Svaetichin 1966; Speckmann et al. 1970). A brief 
fall in O2 tension can cause a rapid and complete loss of 
excitability, which is fully reversible; longer periods of hyp- 
oxia, however, rapidly cause cell death (Farooqui et al. 1994; 
Haddad and Jiang 1993a; Kristian and Siesjd 1997; Somjen 
etal. 1993). 

By studying the effects of hypoxia in a variety of species 
including those that have developed protective mechanisms 
to resist the effects of hypoxia, a more profound understand- 
ing of the role of metabolism in maintenance of normal 
electrical activity can be gained. This approach may lead to 
clinical strategies to limit the impact of hypoxia on the hu- 
man CNS. Certain species of turtle and carp have the capac- 
ity to survive periods of anoxia (total lack of O2) lasting 
days or weeks. Survival of these anoxia-tolerant animals 
depends on their ability to maintain ATP levels at or near 
normal levels through glycolysis, the only energy source 
during anoxia (Lutz et al. 1996; Lutz and Nilsson 1997; 
Sick et al. 1993). The energy consumption of the brain is 
reduced by increasing the level of inhibitory neurotransmit- 
ters such as 7-aminobutyric acid and adenosine (Buck and 
Bickler 1995; Nilsson and Lutz 1993; Perez-Pinzon et al. 
1993). In turtle, Na"*" channels are also dovm-regulated 
(Perez-Pinzon et al. 1992), and excitatory synaptic transmis- 
sion is reduced (Nilsson and Lutz 1993). 

Adult insects are tolerant to low levels of O2, but they 
appear to have developed a survival strategy that differs from 
those of the anoxia-tolerant vertebrates discussed previously. 
Within 2 min of being placed in an atmosphere of 100% 
nitrogen (N2) or 100% carbon dioxide (CO2), insects such 
as cockroaches convulse and then become paralyzed because 
they are unable to maintain normal levels of ATP under 
these conditions, but they can recover fully from periods of 
hypoxia lasting several hours (Pitman 1988; Wegener 
1993). Biochemical and electrophysiological approaches 
were used to understand the response of insect tissues to 
acute O2 deprivation and subsequent reoxygenation. Insects 
have a level of aerobic metabolism that, for a given mass 
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of tissue, exceeds that of manunals but have an extremely 
low capability for anaerobic metabolism. Thus it was found 
that insect flight muscles (Wegener 1993, 1996; Wegener 
et al. 1996) and drone retina (Coles and Tsacopoulos 1987) 
do not produce detectable concentrations of lactate. To sup- 
port this high rate of aerobic metabolism, gaseous air is 
carried extremely close to cells through a network of ducts 
(tracheae). Hypoxia blocks virtually all energy-generating 
metabolic pathways and depletes the intracellular content of 
ATP in <10 min (Brazitikos and Tsacopoulos 1991; Walter 
and Nelson 1975; Wegener 1993). Hypoxia causes 'a depo- 
larization of neurons of the cockroach nerve cord that is 
initially associated with an increase in electrical activity 
(Walter and Nelson 1975) and cholinergic synaptic trans- 
mission (Mony et al. 1986); after a few minutes, however, 
both decrease and finally cease for the remainder of the 
period of hypoxia (Mony et al. 1986). Hypoxia also depolar- 
izes neurons of the drone retina (Dimitracos and Tsaco- 
poulos 1985) and blocks impulses in mechanosensoiy neu- 
rons (Hamon and Guillet 1996; Hamon et al. 1988). During 
reoxygenation, the ATP stores are rapidly resynthesized and 
return to normal (Brazitikos and Tsacopoulos 1991; Walter 
and Nelson 1 975; Wegener 1 993 ) , At the same time synaptic 
transmission, cellular membrane potential, and impulse 
thresholds return to control values with no apparent long- 
term alteration (Hamon et al. 1988; Mony et al. 1986). 
Although the electrical activity of the insect nervous system 
rapidly returns to normal after periods of hypoxia lasting a 
few minutes, longer anoxia periods can have chronic effects 
on excitability; between 10 h and 5 days after a 1- to 3-h 
period in CO2 or N2, the soma of the metathoracic fast coxal 
depressor motoneuron (Df) of cockroach can generate fast 
sodium action potentials (Pitman 1988) in place of calcium- 
dependent action potentials or plateau potentials that are 
normally recorded from this preparation (Hancox and Pit- 
man 1991). The reasons for such long-term alterations are 
still not clear. However, they may reflect a widespread phe- 
nomenon because similar changes in excitability and expres- 
sion of ion channels were reported after axotomy in neurons 
of a number of invertebrates (Kuwada and Wine 1981; Pelle- 
grino et al. 1984; Pitman et al. 1972) and vertebrates (Kuno 
and Lhnas 1970; Titmus and Faber 1986; Waxman et al. 
1994). 

Although there is a considerable body of knowledge about 
the metabolic strategies used by different animals to mini- 
mize the effects of hypoxia, little is known about the electri- 
cal changes that occur in individual neurons of such animals 
during and after periods of hypoxia. The aim of the work 
presented here is to use an identified insect neuron, the prop- 
erties of which are known in detail, to characterize its re- 
sponse to brief periods of hypoxia. A brief preliminary report 
of some of this work was already published (Le Corronc et 
al. 1997). 
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FIG. 1. A: schematic drawing of the experimental chamber. The meta- 
thoracic ganglion (white) is shown on the black piece of Perspex, Tubes 
m the right chamber carry saline, and O2 or air. Small arrows in the 
chamber mdicate the movement of saline. The hatched square on the left 
represents the agar bridge, which makes connection with the reference 
electrode. The dashed line represents the surfaces of the saline. B and C* 
variation of percentage of O2 in the chamber during a 5-min period of 
hypoxia (horizontal bar). 5: when 100% O2 is replaced by Nj, the percent- 
age of O2 drops from 100% to close to 0%. C: in the presence of air the 
oxygen level is -20-21% and decreases to a value to -0% in N2. Oii the 
vertical axis the range of P02 is different for oxygen and air. 

nerve cord were isolated. The preparation was placed in the follow- 
ing saline (in mM): 210 NaCI, 3.1 KCl, 9 CaCb, 60 sucrose, 
10N-tris[hydroxymethyl]niethyl-2-aminoethanesulfonic acid; pH 
was adjusted to 7,2 with NaOH. The preparation was set up as 
descnbed previously (Pitman 1988). The bathing solution super- 
fused at a rate of 0.3 ml/min and was gassed continuously with 
100% O2 at a rate of -60 ml/min through a vertical column con- 
nected to the chamber containing the isolated metathoracic gan- 
glion. As shown in Fig. 1 A the experimental chamber was designed 
to allow fast recirculation. Excess liquid was removed by a vacuum 
ptmip. 



Intracellular recordings 



METHODS 

Preparation 

All experiments were performed at room temperature (20- 
23°C) on adult male cockroaches {Periphneta americana) reared 
at 28°C m the laboratory. The cockroaches were dissected ventrally 
and the three thoracic ganglia and the first part of the abdominal 



One of the paired D f motoneurons was visually located, and its 
membrane potential was recorded with microelectrodes pulled from 
borosihcate glass capillary tubes (GC150F-15, Clark Electromedi- 
cal Instruments, Reading, UK). Microelectrodes were filled with 
I M K-acetate and had a resistance of 15-20 MO. Recordings 
were made with an Axoclamp-2B intracellular amplifier (Axon 
instruments, Foster City, CA), the output of which was passed to 
a digital oscilloscope and a chart recorder. Data were digitized via 
an IEEE connection to an A/D converting interface (HO-79, Ha- 
meg, Frankfurt, Germany) and stored on a personal computer with 
software developed in our own laboratory. 
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Induction of hypoxia 

Hypoxia was induced by switching from 100% O2 to 100% N2 
(-60 ml/min) for 5 min once every 30 min, allowing 25 min of 
oxygenation in between episodes. These gases were introduced by 
bubbling them into the chamber via separate plastic tubes (Fig. 
1^). O2 rather than air was bubbled through the saline because 
the P02 level attained with air was judged too low and because 
Hamon and Guillet (1986) previously demonstrated that the electri- 
cal activity of oxygenated cockroach nerve cords recorded in vitro 
is similar to that recorded in situ. To determine both the steady- 
state P02 values when either 100% O2 or 100% N2 were bubbled 
into the saline and the rate of change that occurred after switch- 
over, a polarimetric method was used. The microsensor (Chemical 
Microsensor 1201, Diamond Electro-Tech, Ann Harbor, MI) was 
first calibrated with O2 (100% O2) and N2 (0% O2) in a small tube 
with saline, as recommended, and then moved to the chamber. 
Under the conditions of our physiological experiments, the steady- 
state O2 level in the chamber indicated 100% when O2 was bubbled, 
and, during 5-min periods in which 100% N2 was bubbled, the 
percentage of O2 quickly decreased to a value closed to 0% (Fig. 
\B), The P02 drop was rapidly reversed when O2 was reintroduced. 
In some experiments air rather than 100% O2 was bubbled through 
the chamber. Under these circumstances, the microsensor registered 
a P02 value of 20-2 1%, as might be expected if complete equilibra- 
tion with the saline occurred. When air was replaced by N2 for 5 
min the P02 rapidly and reversibility dropped to a value closed to 
0%(Fig. IC). 

Solutions and drugs 

In experiments carried out in low-Na^ (50 mM) saline, tris(hy- 
droxymethyl)aminomethane (Tris) was substituted at equal mo- 
larity (pH was adjusted to 7.2 with HCl) (cf. Pitman 1975, 1979). 
For 20 mM tetraethylammonium chloride (TEA) plus 1 mM 3,4- 
diaminopyiridine (3,4-DAP) saline, an equal molarity of sucrose 
was removed from the normal saline and pH adjusted to 7,2. Low 
Ca^^ - high Mg^* saline had the same composition as normal saline 
except that it contained 0.3 mM Ca^-" and 12 mM Mg^'' . Nominally 
zero calcium solution contained 1 mM ethylene glycol-bis()5-ami- 
noethyl ether)- A^,Ar,A^',A^'-tetraacetic acid, and 12 mM Mg^"". 
Ouabain, Ni^^, tetrodotoxin (TTX), and Cd^" were added to nor- 
mal saline at concentration used. Verapamil hydrochloride was first 
dissolved in 200 ^1 of dimethyl sulfoxide. The stock solution (50 
mM) was diluted in saline to final concentration of 100 /zM. All 
compounds were purchased from Sigma Chemicals. 

Statistical data are expressed as means ± I SE. On graphs, 
error bars are shown when larger than symbols. When necessary, 
statistical significance is assessed with analysis of variance in 
which a P value <0.05 (Dunnett test) was regarded as significant. 

RESULTS 

Effects of hypoxia 

Figure 2 shows a typical response of motoneuron Df to 
a 5-minute period of hypoxia, consisting of a multiphasic 
membrane depolarization (10-25 mV) from the resting 
membrane potential of -78.2 ± 0.4 mV (n = 88). The 
depolarization started 45-75 s after the interruption of oxy- 
genation and consisted of an initial transient depolarization 
(Fig. 2Ab) followed by partial repolarization (Fig. 2 Ac), 
This, in turn, gave way to a slower phase of further depolar- 
ization (Fig. 2 Ad). Early in the initial phase of the hypoxia- 
induced depolarization, spontaneous plateau potentials were 
produced (Fig. 2Ab), and the frequency of inhibitory post- 



synaptic potentials increased considerably beyond control 
levels (cf Fig. 2, Aa and Ac), The second phase of depolar- 
ization developed more slowly than the first and was marked 
by the absence of plateau potentials or postsynaptic poten- 
tials (Fig. 2Ad). On reoxygenation the membrane potential 
began to repolarize almost immediately and reached a value 
more negative than the normal resting potential. In 58% 
(w = 51) of neurons, this hyperpolarization was followed 
by a transient depolarization (3-7 mV) before the membrane 
potential settled to a steady level (Fig. 2, ^ and 5). In some 
instances, the late depolarization was sufficiently large to 
evoke plateau potentials (Fig. 2B), but this was not always 
the case (Fig. 2^); 42% {n = 37) of cells lacked the late 
depolarizing phase of recovery from hypoxia (Fig. 2C). We 
were unable to establish any characteristic of neurons that 
would predict whether they would show the late depolarizing 
phase during their recovery from hypoxia. 

Membrane resistance was determined by measuring the 
amplitude of membrane potential excursions produced by 
applying regular hyperpolarizing current pulses (-1.1- to 
-l.7-nA intensity; 500-ms duration) through the recording 
electrode. Hypoxia produced a fall in membrane resistance, 
the magnitude of which varied during the course of the hyp- 
oxic period (Fig. 3^), Membrane resistance dropped to 
70 ± 3% (5.63 ± 0.62 MQ; « = 4) of its control value 
(100%; 8.16 ± 0.80 MQ.; n = ^) during the initial rapid 
phase of depolarization and continued to fall throughout the 
period of hypoxia, reaching 50 ± 5% (4.06 ± 0.60 Mfi; 
rt = 4) of control when maximal depolarization was attained. 
During reoxygenation the membrane resistance increased be- 
yond the control value during the late transient depolarizing 
phase ( 1 15 ± 6%; 9.35 ± 1.35 Mfi; « = 4) before retuming 
to normal (Fig. 3 A). The previously described changes in 
membrane resistance suggest that ionic conductances are 
increased during hypoxia but can fall below control values 
during the transient depolarizing phase of recovery. 

Motoneuron Df is able to generate calcium-dependent pla- 
teau potentials when long depolarizing current pulses are 
applied to the soma (Hancox and Pitman 1991 ). To investi- 
gate the effect of hypoxia on the excitable properties of 
motoneuron Df, regular depolarizing current pulses were 
delivered through the intracellular recording microelectrode 
(Fig. 3^). As shovm in Fig. 3Ba, plateau potentials are 
prolonged depolarizing events, which can trigger (presum- 
ably Na^ -dependent) axonal action potentials that appear in 
soma recordings as attenuated deflections superimposed on 
plateau potential (Fig. 3, Ba, Bb, and Bd-Bf), Near the 
beginning of the hypoxia response, the plateau potential de- 
veloped more rapidly after the onset of each depolarizing 
pulse (Fig. 3Bb) than under control conditions. During the 
slow sustained depolarizing phase of the hypoxia response 
the ability to generate plateau potentials was lost and was 
not restored when the membrane potential was returned to 
its original level by hyperpolarizing current (Fig. 35c). Ap- 
proximately 4 min after reoxygenation, cells regained the 
ability to generate plateau potentials (Fig. 3Bd), During the 
late transient depolarizing recovery phase, plateau potential 
duration was increased beyond that observed under control 
conditions (Fig. 3 Be). This increase probably resulted from 
the fall in membrane conductance, which occurs at this time. 
This would both enhance the excitability of the neuron and 
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increase the depolarization evoked by applied current pulses 
of fixed magnitude. Eventually, the characteristics of plateau 
potentials returned to those observed before the period of 
hypoxia (Fig. 35/). 

Effects of repetitive periods of hypoxia 

When motoneuron Df was exposed to five successive peri- 
ods of hypoxia, each separated by a 25-min recovery inter- 
val, all phases of the hypoxia response underwent a progres- 
sive decline. Figure 4 shows responses to the first, the third, 
and the fifth hypoxia periods in one preparation that exhib- 
ited a late transient depolarization after reintroduction of 
oxygen (Fig. A A) and another that did not (Fig, 45). The 
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no. 2. Effects of hypoxia on mem- 
brane potential of motoneurone D(,A,left: 
5-min period of hypoxia causes a multipha- 
sic depolarization. The activity seen during 
the phases of the response marked a~ d are 
shown in more detail in the correspond- 
ingly lettered panels. During the early phase 
of depolarization, plateau potentials were 
produced (6). Because the chart recorder 
had slow response characteristics, the am- 
plitude of plateau potentials is attenuated. 
This does not apply to detailed panels a- 
d because they provided from the digital 
interface. Inhibitory postsynaptic potentials 
were also evoked during the first phase of 
hypoxia (c) but, like plateau potentials, 
were absent during the slow depolarizing 
phase {d). The resting membrane potential 
is shown by dotted lines. During reoxygen- 
ation a transient hyperpolarization ap- 
peared, which was followed by a transient 
depolarization in some preparations (traces 
A and B) but not in others (C). When pres- 
ent, this depolarizing phase was sometimes 
sufficiently large to evoke plateau poten- 
tials [B). Traces 5 and C are both shown 
on the same scale. 



magnitudes of the sustained depolarizing phase of successive 
hypoxia responses (measured relative to the resting mem- 
brane potential of the neuron, dotted line), showed a decline, 
the extent of which was similar from one neuron to another; 
this was also true for the hyperpolarization seen during re- 
covery. The beginning of the first hypoxia period served as 
the reference time zero, and the amplitudes of depolarizing 
(filled star in Fig. 4, A and B) and hyperpolarizing phases 
(open star in A and B) of this first hypoxia response were 
taken as 100%. Data points on the graphs in Fig. 4C represent 
average values taken from successive hypoxia responses re- 
corded from different neurons. Graphs combine data from 
responses similar to those shown in both Fig. 4, and B. 
During the fifth hypoxia period, the magnitude of the sus- 



FiG. 3. Membrane resistance and excit- 
ability of motoneuron D f during hypoxia. A : 
voltage responses produced by hyperpolariz- 
ing current pulses (-1.7 nA; 500-ms dura- 
tion) were reversibly reduced during hyp- 
oxia, indicating a fall in membrane resistance. 
The lower box was tfie percentage change in 
membrane resistance (% of Rmb) taken from 
the record shown in the top panel. Hypoxia 
began at 0 min. B\ plateau potentials evoked 
by depolarizing current pulses (3.6 nA; 3-s 
duration) applied during those phases of the 
hypoxia response lettered a- fare shown on 
an expanded time scale in the con-espond- 
ingly lettered panels. Plateau potentials devel- 
oped with less delay (6) during the initial 
phase of hypoxia compared with control (a). 
Plateau potentials could not be evoked during 
the second phase of depolarization even if 
the cell was manually clamped to its original 
resting potential (c). During reoxygenation, 
plateau potentials were restored {d) and were 
longer (e) during a time corresponding to the 
transient depolarization. The lower trace on 
the expanded scale of a shows the timing of 
the depolarizing current pulse. 
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FIG. 4. Effects of repeated periods of hypoxia. ^ and B: all phases of 
the hypoxia-induced response progressively declined when 5 hypoxia peri- 
ods (5-niin duration) were repeated every 30 min. Only alternate responses 
(first, third, and fifth) are shown. Responses with (A) and without (B) 
reoxygenation-induced transient depolarizing phases are shown. The dotted 
line indicated the resting potential. C: effect of interval between successive 
hypoxia periods (5 min each) on the decline in size of the slow depolariza- 
tion evoked during hypoxia (filled star in W and 5; left box in C) and the 
hyperpolarization after reoxygenation (open star in ^ and 5; right box in 
C). Values are expressed as percentages of the amplitudes of these compo- 
nents in the first hypoxia response. The first hypoxia period began at 0 min. 
Filled circles represent the normal experimental protocol (i.e., hypoxia 
periods repeated every 30 min; n = 8); open circles (n = 3) show the 
decline seen when hypoxia was administered every 60 min, and open 
squares (n = 9) that when hypoxia was repeated every 15 min. 

tained depolarization was reduced to 62 ± 3% = 8) of 
that in this first response, whereas the reoxygenation-induced 
hyperpolarization stabilized at 81 ± 8% (w = 8) of the first 
response. To establish whether the sustained depolarization 
and the reoxygenation-induced hyperpolarization had similar 
rates of recovery, the effect on these components of increas- 
ing the recovery interval between hypoxia periods from the 
normal 25-55 min or decreasing it to 10 min was investi- 
gated. With extended intervals the decline of hyperpolariza- 
tion (open circles in Fig, 4C) no longer occurred; by using 
short intervals, on the other hand, the hyperpolarization 
(open squares in Fig. 4C) showed a greater decline. In con- 
trast, the rate of decline in the slow depolarization was simi- 
lar for all three recovery intervals (Fig. 4C). The decline in 
slow depolarization could only be prevented by lowering 



the Ca^"*" concentration in the saline. The chronic changes 
responsible for the decline in the response to hypoxia are 
not entirely clear but may involve changes in intracellular 
Ca ^. The regime of 5-min periods of hypoxia separated by 
25-min recovery intervals was used in all experiments be- 
cause this provides the best compromise; shortening the re- 
covery intervals would cause successive responses to decline 
too rapidly. Increasing their duration, on the other hand, 
while reducing the extent to which hypoxia responses de- 
cline, would prolong experiments to such an extent that the 
effects of drugs would be difficult to investigate. All drugs 
were applied between the first and second hypoxia responses 
recorded fi-om any preparation. Administrations were made 
sufficiently early to allow an interval of s: 15 min before the 
onset of the second hypoxia period. This protocol allowed 
the first response to serve as a standard. Because the ampli- 
tude of successive responses to hypoxia decUned, statistical 
analysis was achieved by comparing features of hypoxia 
resporises recorded from different preparations at corre- 
sponding times in the experimental protocol. 

Effects of ouabain and low oxygen level 

To study whether an interruption of Na-K pump (or the 
Na^-K"^ ATPase) activity contributes to the cellular re- 
sponse to hypoxia, we performed experiments with ouabain, 
a blocker of this pump, Bath application of 30 /xM ouabain 
blocked the fast transient depolarization and the reoxygena- 
tion-induced hyperpolarization (Fig. 5 A) but had little effect 
on the amplitude of the slow depolarization (which, even in 
the absence of ouabain, declines with successive periods of 
hypoxia). After reintroduction of oxygen, the cell repolar- 
ized more slowly than under control conditions. Although 
ouabain iiiitially had little effect on the resting potential, after 
25-30 min, the membrane potential gradually depolarized 
irreversibly to a new stable level 10-15 mV more positive 
than the normal resting potential. 

An alternative strategy we used to investigate the role of 
metabolism in the maintenance of the electrochemical gradi- 
ent was to reduce O2 in the chamber by switching from pure 
O2 (P02 = 100%) to air (P02 = 20%, low aerobic metabo- 
lism protocol) as used by Coles et al. (1996) on drone retina. 
Equilibration with air caused a small (5-10 mV), transient 
membrane depolarization, followed a retum to its initial 
value (Fig. 5B), When the gas bubbling through the experi- 
mental chamber was switched from air to nitrogen, a hypoxia 
response was evoked that closely resembled that observed 
in the presence of ouabam but had the advantage that it was 
not complicated by a background membrane depolarization 
(Fig. 5B). After recovery fi-om this type of response, reintro- 
duction of O2 caused an inmiediate hyperpolarization (7.8 ± 
1.9 mV; 77 = 4). This is consistent with a transient increase 
of metabolism beyond the maximum level obtainable when 
the preparation is equilibrated with air. In two of four experi- 
ments in which O2 was reintroduced after a period of expo- 
sure to air, cells produced spontaneous plateau potentials 
(Fig. 55). All preparations in which the effects of equilibra- 
tion with air were studied showed normal hypoxia responses, 
once they were subsequently equilibrated with O2 before a 
period of hypoxia (Fig. 5£). 

The previous results suggest that blockade of the sodium 



312 



H. le corronc, b. hue, and r. m. pitman 




hypoxia 



hypoxia 



hypoxia 



T ■ u. 1 ^* °? t.® Z^""*^ response of ouabain and gassing the preparation with air in place of oxygen A' 30 uU 
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pump is probably not primarily responsible for the hypoxia- 
induced slow depolarization because this component of the 
response was not blocked by ouabain or low aerobic metabo- 
lism. In contrast the initial phase of depolarization and the 
rapid repolarization and subsequent hyperpolarization ob- 
served when O2 is reintroduced may well, at least in part, 
respectively result from inhibition and reactivation of the 
Na-K pump. A net increase in transmembrane Na"^ and Ca^"^ 
influx and K"*^ efflux through cationic channels could there- 
fore contribute to the depolarization. Ionic channel blockers 
and solutions of altered ionic composition were applied to 
characterize the ionic dependence of the hypoxia-induced 
depolarization. 

Effect of verapamil, Ni^^ and low and zero Ca^^ solutions 

In these experiments we tested the hypothesis that mem- 
brane potential alterations seen during hypoxia resulted from 
an influx of Ca^"' through the surface membrane. In a me- 
dmm containing 100 pM verapamil (« = 6), the hypoxia 
response and the hyperpolarization seen on reoxygenation 
were unaffected (not shown); 600 //M (n = 6) had 
no effect on the response to hypoxia but completely blocked 
the hyperpolarization seen on reintroduction of oxygen (Fig. 
6, A and C). After treatment with Ni^+, the progressive 
decline in the amplitude of the hypoxia depolarization that 
occurs in control conditions was reversed. In most prepara- 
tions, Ni at the concentrations used caused the threshold 



for plateau potentials to become less negative to such an 
extent that these events occurred spontaneously (Fig. 6A), 
In the presence of a low Ca^^ (0.3 mM) and high Mg^^ 
(12 mM) salme, the only effect observed was a significant 
reduction in the rate of decline in the hypoxia-induced depo- 
larization (Fig. 6C; n = 3; P <0.05 for data measured 65 
min from the start of the experiment). In a solution con- 
taining 2 mM Ca^"' and 7 mM Mg^"" (n = 5) (not shown) 
the results obtained were the same as those described for 
0.3 mM Ca^"' and 12 mM Mg^^, In nominally zero Ca^^ 
saline (w = 4), the amplitude of plateau potentials at the 
start of the hypoxia response was reduced, whereas the slow 
phase of the response was augmented (P <0.01 at 65 min). 
This bathing solution reduced the amplitude of the hyperpo- 
larization seen on reoxygenation (Fig. 6, 5 and C; P < 0.01 
at 65 min). The results obtained in low or zero Ca^^ salines 
indicated that there is a complex relationship between 
[Ca^'^lo and its effect on the slow phase of the hypoxia 
response. 

Because Ca^^ channel blockers did not depress either phase 
of depolarization during hypoxia, it appears that Ca^^ channels 
do not play a major role in the response of the neuron to 
reduced oxygen tension. It appears, however, that Ca^* may 
play a modulatory role because low Ca^"^ solutions enhance 
rather than reduce the slow depolarizing phase of the response. 
The involvement of Ca^"" in the posthypoxia hyperpolarization 
remains enigmatic because it is blocked by Ni^^ but not in 
nominally zero Ca^^ bathing solution or by verapamil. 
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FIG. 6. Effect of Ni^-' and low and zero Ca'*'. A ; 600 fiM Ni^^ had 
little or no effect on the response to hypoxia but blocked the hyperpolar- 
ization induced by reoxygenation. At the concentration used, Ni^+ caused 
the neuron to generate spontaneous plateau potentials. After washing 
out the blocker, the normal response was restored. B : when motoneuron 
Df was incubated in a nominally zero Ca^-" saline, the amplitude of 
plateau potentials was reduced and the slow phase of the response was 
increased. The amplitude of the hyperpolarization seen on reoxygenation 
was reduced. In A and B the first, the third, and the fifth hypoxia re- 
sponses were shown. C: graphs show the amplitude of the slow phase 
of the response (left panel) and hyperpolarization (right panel) in the 
presence of Ni * and low and zero Ca'"' as a percentage of those phases 
of the first hypoxia response recorded from the neuron. •: control (n = 
8); o: 600 /zMNi^^ (n - 6); a: 0.3 mM Ca^^ plus 12 mM Mg^^ (n = 
3); □: nommally 0 mM Ca^*, 1 mM e%lene glycol-bis (/?-aminoethyl 
ether) -iV,7V,A^',Ar'-tetraacetic acid and 12 mM Mg^* (« = 4). The 
period over which solutions of altered composition were applied is indi- 
cated by the horizontal bars. 

Effect ofTTXand low Na^ -containing solution 

In the presence of 2 /^M TTX (n = 4), the depolarizing 
phase of the hypoxia response was not significantly altered 
(Fig. l,AmdC,P> 0.05 at 65 min). It appears that this 
dose was effective in blocking Na"" channels because both 
spontaneous postsynaptic potentials (not shown) and Na""- 
dependent action potentials normally superimposed on pla- 
teau potentials were abolished (not illustrated). TTX, how- 
ever, did cause a delayed and long-term reduction 'in the 
hyperpolarization seen on reoxygenation (Fig. 7C). To in- 
vestigate the possibility that a TTX-resistant Na"^ influx is 
involved in the hypoxia response, the preparation was ex- 
posed to low-Na-^ (23% of normal) solution. After changing 
to low-Na-" sahne, the resting potential of the neuron hyper- 
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polarized (by ~ 10-15 mV) and then gradually returned 
to its original value over a period of -30-40 min. As a 
consequence, the membrane potential would have been more 
negative during the second hypoxia response than at the start 
of the experiment; to compensate for this the membrane was 
artificially returned to its starting value by passing current 
through the recording microelectrode. In such experiments 
(w = 3), all phases of the hypoxia response were greatly 
reduced (Fig. 7, 5 and C; /> < 0.01 at 65 min). In low- 
Na"^ solution, return of the membrane potential to the resting 
level on reoxygenation was much faster than in normal sa- 
line. Hypoxia responses recorded after returning the prepara- 
tion to normal saline solution showed that, although the slow 
phase of depolarization recovered, neither the early transient 
depolarizing phase nor the posthypoxia hyperpolarization 
reappeared (Fig. IB), 

The previous results combined with those presented in the 
previous section strongly support the conclusion that the 
depolarizing phase of the hypoxia response results fi-om an 
mflux of Na^ through TTX-insensitive Na^ channels. 
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no . 7. Effect of tetrodotoxin (TTX) and low Na ^ -containing solu- 
tion. A: 2 pM TTX had no effect on the hypoxia-induced electrical 
response. B: Low Na -containing solution (23% of normal Na"") re- 
duced all phases of the hypoxia response. After the washout of the low 
Na -containing solution, the slow depolarizing phase recovered, but 
neither the early transient depolarizing phase nor the posthypoxia hyper- 
polarization were restored. In A and B the first, the third, and the fifth 
hypwcia responses were shown. C: graphs summarize the results obtained 

J^^u"** *° Na"" -containing solution on the slow depolarization 
and on the reoxygenation-induced hyperpolarization. •: control (n = 8); 
O: 2 pU TTX (/) = 4); □: low Na* -containing solution (n = 3). The 
period over which TTX and low Na^ were applied is indicated by the 
horizontal bars. 
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HG . 8. Effect of C6^^ on the hypoxia response. Bath application of 500 
Cd^^ (A) and 500 fjM Cd""' plus 2 /xM TTX (B) reduced by the 
same percentage (C) the slow depolarizing phase and the hyperpolarization 
induced by reoxygenation. TTX and Cd^+ are applied simultaneously to 
demonstrate Cd^* -sensitive TTX-resistant conductance. The rapid transient 
depolarizing phase of the response persisted during application of drugs 
but was lost after washing the drugs from the preparation. Only the slow 
depolarization recovered. In C the horizontal bar indicates the period over 
which drugs were applied to the bath. •: control (w = 8); o: 500 fjM Cd^"^ 
{n = 3); □: 500 fM Cd'* plus 2 TTX {n = 4). 

Effect ofCd^^ on the response to hypoxia 

Because Cd^"" -sensitive, TTX-resistant Na"" channels 
were observed in the amphibian nervous system (Bowers 
1985), the possibility was tested that such a current is re- 
sponsible for the hypoxia response of the neuron under in- 
vestigation here. Figure 8^ shows the effects of 500 
Cd^^ on the hypoxia response. The depolarizing phase of 
the response and the hyperpolarization after hypoxia were 
attenuated {P < 0.05 and /* < 0.01 respectively at 65 min; 
A? = 3), whereas a transient depolarizing. component to re- 
covery became apparent. In those preparations that initially 
possessed a transient depolarizing recovery phase (cf Fig. 
2, A and this was augmented by Cd^'*". After washing 
Cd^"" from the preparation, the rapid phase of depolarization 
underwent ftuther decline, the slow depolarization recovered 
(73 ± 3% at 125 min; /a = 3), and the hyperpolarizing and 
depolarizing phases of recovery showed little change. 

To check whether TTX and Cd^"^ are operating on the 
same conductance, both drugs were applied simultaneously. 
An additive effect would indicate that the two agents operate 
via different mechanisms. In the presence of 2 TTX and 
500 Qd^^ {n = 4; Fig. 8, B and C) the hypoxia responses 



were indistinguishable from those obtained in Cd^"*" alone. 
This provides evidence that Na"^ influx occurs via a Cd^"*"- 
sensitive, TTX-resistant channel of a type not previously 
described in insect neurons. 

Effect ofK^ channel blockers 

To test the hypothesis that the hypoxic response involved 
a efflux, experiments were performed in the presence of 
the K"^ channel blockers TEA (20 mM) and 3,4-DAP (1 
mM). Under these conditions the hypoxia-induced depolar- 
ization was significantly increased (P < 0.01 at 65 min; 
« = 3), and the hyperpolarization after reoxygenation was 
significantly reduced (P <0.01 at 65 min; ti = 3; Fig. 9, A 
and 5). A dramatic increase in the electrical activity of the 
neuron was also observed. Because of the powerfiil effect 
of K"^ channel blockers, the period of exposure to these 
agents was restricted to one period of hypoxia (rather than 
two for all other drugs) to minimize damage to the neuron. 
When these drugs were washed from the preparation, the 
reoxygenation hyperpolarization reappeared and reached a 
greater amplitude than normal. Abolition of the hyperpolar- 
izing phase of recovery was not a consequence of the high 
level of spontaneous activity in the neuron because this per- 
sisted during the wash at a time when the hyperpolarizing 
phase had reappeared. 

DISCUSSION 

We have shown that brief periods of hypoxia cause a 
multiphasic response m the soma of the fast coxal depressor 
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FIG. 9. In the presence of both 20 mM tetraethylammonium chloride 
(TEA) and 1 niM 3»4-DAP the amplitude of the hypoxia-induced depolar- 
ization was increased, whereas the hyperpolarization was reduced (A). 
These effects were probably not initiated by the large increase of electrical 
activity evoked by potassium blockers because this persisted during the 
wash at a time when the hyperpolarizing phase had reappeared. To minimize 
damage to motoneuron Df, channel blockers were applied during only 
one hypoxia period then washed off (other drugs and altered solutions 
remained on the preparation during 2 hypoxia responses). The first, the 
second, and the fourth hypoxia response were shown. B : plots show the 
quantitative effects of drugs (horizontal bar) on the slow depolarization 
{left panel) and on hyperpolarization (right panel). •: control (/i = 8); O: 
20 mM TEA plus 1 mM 3,4-diaminopyiridine (n = 3). 
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motoneuron (Df) of the cockroach. Our results demonstrate 
for the first time in an insect neuron that the different phases 
response to hypoxia are produced by different mechanisms 

Features of the response to hypoxia 

Our observations clearly show that motoneuron Df is 
highly sensitive to hypoxia to which it responds with a 
multiphasic membrane depolarization; initially spontaneous 
synaptic activity and excitability are increased, and then 
there is a fall in membrane resistance accompanied by a loss 
of excitability. Reoxygenation induces a fast hyperpolariza- 
tion that is sometimes followed by a transient depolarization. 
During this latter phase, membrane resistance and excitabil- 
ity are higher than normal. Similar responses were seen 
in the cell bodies of some other identified cockroach neu- 
rons (personal observations), including giant intemeurons 
(Mony et al. 1986). Our results are also generally compara- 
ble with observations on the effects of oxygen deprivation on 
some mammahan neurons; striatal (Calabresi et al. 1995), 
hypoglossal (Donnelly et al. 1992; Haddad and Donnelly 
1990; Haddad and Jiang 1993b), vagal (Donnelly et al. 
1992; Haddad and Jiang 1993b), and neocortical (O'Reilly 
et al. 1995; Rosen and Morris 1993) neurons depolarize, 
and their membrane resistance drops during hypoxia. Ini- 
tially, the frequency of evoked action potentials in these 
neurons increases, but a few minutes later such activity is 
completely abolished. Hypoglossal neurons undergo a tran- 
sient increase in presumed synaptic potentials in the early 
phase of hypoxia (Haddad and Donnelly 1990). When reox- 
ygenated, striatal, hypoglossal, vagal, and neocortical neu- 
rons, unlike Df, only slowly repolarize to their normal rest- 
mg potential and do not undergo any transient hyperpolariza- 
tion (Calabresi et al. 1995; Donnelly et al. 1992; Haddad 
and Jiang 1993b; O'Reilly et al. 1995; Rosen and Morris 
1993). During recovery fi-om hypoxia, the membrane resis- 
tance of both vagal motoneurons and neocortical neurons, 
like that of Df, increases above normal (O'Reilly et al! 
1995), presumably accounting for the period of hyperexcit- 
ability. If the period of hypoxia to which CAl hippocampal 
(Fujiwara et al. 1987; Kmjevic and Leblond 1989; Leblond 
and Kmjevic 1989) or substantia nigra pars compacta 
(Mercuri et al. 1994) neurons are exposed is sufficiently 
brief, only membrane hyperpolarization is observed; if the 
preparation is reoxygenated at this point, an immediate tran- 
sient further hyperpolarization occurs before the membrane 
potential returns to its normal value. This response may have 
a basis similar to that observed when Df is reoxygenated. 
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was similar to that seen in both CAl (Fujiwara et al. 1987) 
and in nigral neurons (Mercuri et al. 1994). These observa- 
tions indicate that the ATP-dependent ''Na pump" (Na^- 
K"^ ATPase) makes a direct contribution to the membrane 
potential changes observed during and after brief periods of 
hypoxia. Further support for this hypothesis is provided by 
the fact that the onset of the first transient depolarization 
occurred without the reduction in the membrane resistance 
that might be expected if it resulted from opening of ion 
channels (see Fig. 3/4). 

The resting potential of motoneuron Df has an electro- 
genic Na^-K^ pump component, which is sensitive to oxy- 
gen tension, ouabain, extracellular concentration, Na*^ 
mjection, and low temperature (David and Sattelle 1990). 
Becaiise hypoxia is known to rapidly deplete intracellular 
ATP in insects (Brazitikos and Tsacopoulos 1991; Walter 
and Nelson 1975; Wegener 1993), we suggest that this slows 
ion pumping by the Na^-K"" ATPase, so disrupting both 
ionic homeostasis and neuronal function. ATP is thought to 
be restored rapidly when tissues are reoxygenated; therefore, 
the posthypoxic repolarization could be brought about by 
reactivation of the electrogenic Na"^ pump and reestablish- 
ment of ionic gradients. That hyperpolarization is seen when 
O2 is reintroduced suggests that the pump transiently oper- 
ates at a higher rate than normal. Because the slow depolariz- 
ing phase of the hypoxia response is not affected by ouabain 
and is accompanied by a large increase in membrane conduc- 
tance, it is likely to be produced primarily by opening of 
ion channels caused either by redistribution of ions or by 
the resultant membrane potential depolarization. 



ATP-dependent processes 

Both the initial fast transient-depolarization of the hypoxia 
response and the hyperpolarization seen on reoxygenation 
were blocked when the preparation was treated with ouabain. 
These components of the hypoxia response were also sup- 
pressed if the preparation was perfused with solution with 
a lowered P02 in the mtervals between periods of hypoxia 
(This was done by equilibrating the preparation with air 
instead of O2 in the intervals between administration of 
100% N2, a low aerobic metabolism protocol). Block of the 
reoxygenation-induced hyperpolarization in Df by ouabain 



Ionic dependence of hypoxia 

Both the initial transient ouabain-sensitive and the slow 
depolarizing components of the hypoxia response are sup- 
pressed by a reduction in the external Na^ concentration, 
suggesting that both are caused by an influx of this ion! 
Because TTX has no effect, while Cd^^ mimics the action 
of low Na-" saline, it is likely that the depolarization induced 
by hypoxia is mainly caused by flow of Na^ ions through 
a TTX-resistant Cd^^ -sensitive Na"" channel. That the ef- 
fects of low Na"^ and Cd^*" on both the first transient depolar- 
ization and the hyperpolarization induced by reoxygenation 
are irreversible suggests that they may be acting at the same 
site, although this cannot be considered certain because the 
cause of this irreversibility is unknown. Although Cd^^ 
blocks voltage-dependent Ca^"^ currents in motoneuron Df 
(Mills and Pitman 1997), it would be difficult to attribute 
the effects reported here to such an action. If this were the 
case, the effects of Cd^^ should be mimicked by low or zero 
Ca * saline but not by those of low Na"" solutions. However, 
the effect of Cd^"^ was similar to that of low Na* but differ- 
ent from that of low or zero Ca^"" saline. We suggest there- 
fore that hypoxia activates a TTX-resistant Cd^"^ -sensitive 
Na"^ influx in Df. Our findings are similar to those obtained 
with brain stem neurons (Haddad and Donnelly 1990; Had- 
dad and Jiang 1993b) and in striatal neurons (Calabresi et 
al. 1995) in which membrane depolarization is reduced by 
lowering external Na"- concentration but not application of 
TTX. With the exception of somatically recorded axon 
spikes the normal electrical activity in Df was TTX insensi- 
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tive (Hancox and Pitman 1991 ). Although we conclude that 
a Na^ influx is the major cause of the slow membrane depo- 
larization seen during hypoxia, we cannot exclude the possi- 
biHty that a small Ca^'^ influx does make some contribution 
to the hypoxia response, The delay in the effect of Cd^^ on 
the first transient depolarizing phase of the hypoxia response 
could result from a relatively low sensitivity to this agent. 
However, it is more likely to occur because this phase of the 
hypoxia response is generated in a site within the ganglionic 
neuropile that is relatively inaccessible of Cd^^ because this 
phase of the response continued to decline after Cd^^ had 
been washed from the experimental chamber. To investigate 
this, Cd^* was applied during three hypoxia periods rather 
than two. In such experiments, the initial transient depolar- 
ization of the third response was blocked (not shown), sup- 
porting the conclusion that Cd^" does have a site of action 
that is relatively inaccessible. 

In low and nominally zero Ca^" solutions, the ampUtude 
of the hypoxia-induced depolarization was increased. Cala- 
bresi et al. (1995) found a similar enhancement in the ampli- 
tude of the hypoxia-induced depolarization recorded from 
nigral neurons bathed in a medium containing low Ca^^ (0.5 
mM) plus high Mg^^ (10 mM). We suggest the following 
mechanism for this enhancement: normally, sufficient Ca^^ 
influx occurs during hypoxia to activate a Ca^"^ -dependent 
(gKca) K conductance. In motoneuron Df, this conductance 
has been shown to be considerably larger than the inward 
Ca currents that generated them (David and Pitman 1995a,b; 
Mills and Pitman 1997; Thomas 1984). The effect of this 
current therefore would be to limit the size of the hypoxia- 
induced depolarization. When the preparation is bathed in 
low or nominally zero Ca'^ saline, /ca and hence /KCa will 
fall, so increasing the overall amplitude of the hypoxia-in- 
duced depolarization. Ca influx may not be the only mecha- 
nism by which K currents are activated; activation and mod- 
ulation of gKca in Df may be brought about by a rise in 
[Ca^"^]i resulting not only from influx across the surface 
membrane but also by release from intracellular stores (Da- 
vid and Pitman 1995a,b, 1996), Both mechanisms may con- 
tribute to any rise in [Ca^-'Ji that occurs during hypoxia. 
Enhancement of the hypoxia-induced depolarization by K 
channel blockers (TEA plus 3,4-DAP) provides further sup- 
port for the role of K current activation during hypoxia. It 
appears that K channels are also activated in other prepara- 
tions; in drone retina and in mammalian neurons it was found 
that hypoxia increases the extracellular K"" concentration 
(Dimitracos and Tsacopoulos 1985; Donnelly et al. 1992), 
whereas K ^ blockers augment the hypoxia response in mam- 
maUan neurons (Jiang and Haddad 1991). In mammalian 
neurons, gKca (Leblond and Kmjevic 1989; Yamamoto et 
al. 1997) and ATP-sensitive K"" channels (gK^Tp) (Fujiraura 
et al. 1997; Jiang and Haddad 1991) are the main route 
by which intracellular K"^ is lost during hypoxia. In Df, 
depolarization caused by Na"" influx, a rise in intracellular 
Ca^"" and a fall in ATP could all contribute, in principle, to 
activation of gK and limitation in amphtude of the hypoxia- 
induced depolarization. The contribution of gK^rp to the 
hypoxia response in D f is not clear, however, because gliben- 
clamide has little or no effect on hypoxia response (Pitman, 
personal observations). 
Although we indicated previously that reactivation of 



Na'^-K^ pump appears to be the primary cause of the post- 
hypoxic hyperpolarization, it appears that other processes 
also may be involved because this component is depressed 
by channel blockers, TTX, or by bathing the preparation 
in nominally zero Ca^* saline. One contributor may be Na"*"- 
Ca^^ exchange because the posthypoxic hyperpolarization 
is blocked by Ni^"^ (600 fiM), which was used to selectively 
block Na'^-Ca^'^ exchange in guinea-pig ventricular myo- 
cytes (Kimura et al. 1987). It has been shown previously 
that Ni^"" does not block voltage-dependent Ca^"^ currents 
in Df (Mills and Pitman 1997). 

The reoxygenation-induced hyperpolarization was some- 
times followed by a transient depolarization. Although we 
have not elucidated the mechanism of this latter phase, the 
associated decrease in membrane conductance suggests that 
closure of ion channels may be involved. In hippocampal 
CAl neurons, the duration of the reoxygenation-induced hy- 
perpolarization is longer at potentials close to the equilib- 
rium potential (Fujiwara et al. 1987). These observations 
were attributed to a block of voltage-independent K'' cur- 
rents occurring concurrently with the reoxygenation-induced 
hyperpolarization at die restmg membrane potential. We sug- 
gest that a similar reduction in K conductance may account 
for the appearance of the late depolarizing component re- 
corded from Df when it is reoxygenated. This could account 
for the increase of membrane resistance and excitability seen 
during this phase. 

Repetitive hypoxia 

Under our experimental conditions, there was a progres- 
sive decline in all phases of responses to successive periods 
of hypoxia. This was not caused by a deterioration in prepa- 
rations caused by loss of microelectrode impalement or by 
washout of some vital factor from the environment of the 
neuron because the decline was decreased by increasing the 
interval between hypoxia. Moreover, between periods of 
h>T>oxia, neurons regained normal electrical characteristics 
(e.g., resting potential, input resistance, and excitability), 
indicating they were undamaged. A reduction in extracellular 
Ca^^ concentration specifically blocks the decline of the 
depolarizing phase but not the transient hyperpolarization 
seen on reoxygenation. However, the relationship between 
the extracellular Ca^^ concentration and the decline is com- 
plex. We suggest that, in Df, the progressive decline of the 
reoxygenation-induced hyperpolarization is related to metab- 
olism. Support for this suggestion comes from work on the 
drone retina, in which long recovery intervals between suc- 
cessive hypoxia periods are needed to replenish the stores 
of energy-rich substrates and to enable identical hypoxia 
responses to occur (Dimitracos and Tsacopoulos 1985). 

This study is the first report of the acute effect of hypoxia 
on an insect motoneuron, showing that the response of this 
preparation has similarities with those of mammalian neu- 
rons. We conclude that, in this insect neuron, as in some 
mammahan neurons, hypoxia causes an increase in Na"*^ and 
Ca^" influx and a efflux associated with block of the 
Na-K pump, caused by a fall in intracellular ATP. In many 
studies on the irreversible damage to the mammalian brain 
induced by O2 deprivation, the main goal is a deeper under- 
standing of events that lead to cell death. Increases in intra- 
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cellular Ca^'*^ and Na^ are the two main hypothetical cuases 
of hypoxia-induced injury (Farooqui et al. 1994; Friedman 
and Haddad 1993, 1994; Haddad and Jiang 1993a). It is 
thought that these ions may trigger a cascade of cellular 
events, the final outcome of which is the neuronal death. 
Unlike mammals, insects recover fi^om hypoxia, showing 
that irreversible anoxic damage is not an inevitable conse- 
quence of metabolic block and loss ionic homeostasis. Be- 
cause we ah-eady provided evidence that the hypoxia re- 
sponse is associated with an Na^ influx in Df, we need 
to determine whether [Ca^^Jj also changes and makes a 
significant contribution. If both these cations are greatly in- 
creased in Df during hypoxia, it is important to establish 
why they do not trigger irreversible neuronal injury or death. 
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Hypoxic Depolarization of Cerebellar Granule Neurons by 

Specific Inhibition of TASK-l 

Leigh D, Plant, BSc; Paul J. Kemp, DPhil; Chris Peers, PhD; 
Zaineb Henderson, PhD; Hugh A. Pearson, PhD 

Background and Purpose — The mechanisms underlying neuronal excitotoxicity during hypoxic/ischemic episodes are not 
fully understood. One feature of such insults is a rapid and transient depolarization of central neurons. TASK-1, an open 
rectifying leak channel, is significant in setting the resting membrane potential of rat cerebellar granule neurons by 
mediating a standing outward current. In this study we investigate the theory that the transient neuronal 
depolarization seen during hypoxia is due to the inhibition of TASK-1. 

Methods—kcXWxty of TASK-1 in primary cultures of rat cerebellar granule neurons was investigated by the whole-cell 
patch-clamp technique. Discriminating pharmacological and electrophysiological maneuvers were used to isolate the 
specific channel types underlying acute hypoxic depolarizations. 

/f^^w/te— Exposure of cells to acute hypoxia resulted in a reversible and highly reproducible mean membrane 
depolarization of 14.2±2.6 mV (n=5; P<0.01). Two recognized means of inhibiting TASK-I (decreasing extracellular 
pH to 6.4 or exposure to the TASK-1 -selective inhibitor anandamide) abolished both the hypoxic depolarization and the 
hypoxic depression of a standing outward current, identifying TASK-1 as the channel mediating this effect. 

Conclusions— Om data provide compelling evidence that hypoxia depolarizes central neurons by specific inhibition of 
TASK-1. Since this hypoxic depolarization may be an early, contributory factor in the response of central neurons to 
hypoxic/ischemic episodes, TASK-1 may provide a potential therapeutic target in the treatment of stroke. (Stroke. 2002; 
33:2324-23280 
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Hypoxic/ischemic episodes, such as those that occur 
during stroke, can cause depolarization of the resting 
membrane potential in nervous tissue.*'^ The resting mem- 
brane potential is controlled primarily by a selective 
permeability to K^. An emergent family of proteins known 
as the 2-P domain K^ (Kzp) channels has been shown to 
contribute significantly to this resting K"" permeability. Ksp 
channels are "leak" channels that lack voltage dependence 
and therefore are active across a wide range of potentials.^ 
They are expressed in a wide range of tissues and can be 
modulated by a variety of mechanisms, including mem- 
brane stretch, extracellular Na"", protein kinases A and C, 
local anesthetics, general anesthetics, and long-chain fatty 
acids.3 Within the Kjp channel family are a group of 
channels that are sensitive to inhibition by H^, at or near 
physiological pH; these are known collectively as TASK 
(TWIK-related, Acid-Sensitive Kap channels) and individ- 
ually as TASK-H (KCNK3), TASK-25 (KCNK5), and 
TASK-36 (KCNK9). On the basis of structural correlates, 2 
additional members of this group have been recently 
described: TASK-47 and TASK-5/KT3.3.8^ 

TASK-1 has recently been shown to have a functional role 
in the central nervous system, where it sets the resting 



membrane potential and input conductance of cerebellar 
granule neurons in both primary culture and in slice prepa- 
rations.^**'*^ Flow of K"" through channels formed by TASK 
gives rise to the standing outward current that can be 
measured in these cells at depolarized holding potentials. 
This current can be inhibited by extracellular acidification 
and activation of Gocq-coupled receptors such as the Mj 
muscarinic receptor.*^ 

Hypoxia is known to modulate the activity of a wide range 
of ion channels in central neurons and other tissues (reviewed 
by Lopez-Bameo et al'^), and native TASKs of both carotid 
body glomus cells*^ and a human cell line^'* and recombinant 
TASK-1 have recently been shown to be inhibited by acute 
hypoxia.'^ Since experimentally induced hypoxia in nervous 
tissue not only causes depolarization but can also result in 
acidosis and neurotransmitter release, and since similar ef- 
fects are seen in clinical conditions that result in hypoxia, 
such as stroke, '-2 we hypothesized that the underiying mech- 
anism for this response is hypoxic inhibition of TASK-1. The 
aim of this study, therefore, was to determine the functional 
consequences of hypoxia in a neuron known to express 
TASK-1 and to determine whedier this response is a result of 
hypoxic inhibition of native TASK-1 channels. 
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Materials and Methods 

Culturing of Rat Central Neurons 

All experiments were performed with the use of primary cultures of 
rat cerebellar granule neurons. Cells were obtained by enzymatic and 
mechanical dissociation, as previously described.'*''^ Briefly, tissue 
was removed from 6- to 8-day-old rat pups and triturated after a 
15-minute trypsin digestion (EC 4.4.21.4, 2.5 mg • mL"' in PBS), 
which was halted by the addition of PBS containing soybean trypsin 
inhibitor (0.1 mg • mL"'). Cells were pelleted by centrifiigation (1 
minute at IQQg) and resuspended in minimum essential medium 
supplemented with 10% fetal calf serum, 2.5% chick embryo extract, 
26 mmol/L glucose, 19 mmol/L KCI, 2 mmol/L L-glutamine, and 
penicillin/streptomycin (50 lU • mL'V50 fxg • mL"'). The cells were 
seeded at a density of 0.25X10* cells per well on circular 13-mm- 
diameter poly-L-lysine- coated coverslips, MuUiwells were incu- 
bated in a humidified atmosphere containing 5% C02/95% air at 
37**C. After 48 hours, the culture medium was exchanged for one 
consisting of minimum essential medium supplemented with 10% 
horse serum, 2.5% chick embryo extract, 26 mmol/L glucose, 
19 mmol/L KCI, 2 mmol/L L-glutamine, penicillin/streptomycin (50 
lU • mL"'/50 ^g • mL"'), and 80 ptmol/L fluorodeoxyuridine to 
prevent proliferation of nonneuronal cells. Culture medium was 
exchanged every 3 days, and all recordings were made from cells 
between days 5 to 12 in culture. 

Electrophysiology 

currents were recorded from cells at room temperature (measured 
in all experiments as 22'*C) with the use of either the amphotericin B 
perforated patch-clamp technique for TASK or the conventional 
whole-cell patch-clamp technique for measurement of voltage-gated 
currents. Glass micropipettes (2 to 4 Mft) were fabricated from 
borosilicate glass and filled with solution containing (in mmol/L): 
KCI 140, CaCl2 0.5, EGTA 5, HEPES 10, KjATP 2, MgCIs 1; pH 
was adjusted to 7.2 with KOH. Patch perforation was achieved by 
including amphotericin B (240 ^g • mL*') in the pipette solution. 
The external solution with which cells were continually perfused 
comprised the following (in mmol/L): NaCI 120, KCI 2.5, MgClj 2, 
CaCIz 0.5, glucose 10, HEPES 10. pH was adjusted to 7.4 or 6.4 with 
NaOH, as appropriate. Cells were made hypoxic by perfusion with 
an external solution that had been bubbled with nitrogen for at least 
30 minutes before perfusion. Oxygen tension was measured at the 
cell with the use of a polarized carbon fiber electrode and was 
^30 mmHg in all experiments reported herein. This degree of 
hypoxia was reached within 1 minute of switching perfusion. For all 
electrophysiological measurements, series resistance and capacitance 
transients were electronically compensated. For measurement of 
voltage-gated currents, linear leak and residual transients were 
removed offline with a P/5 leak subtraction protocol 

To evoke K* currents, a voltage protocol modified from Millar et 
al'° was used. Cells were held at -20 mV, and the membrane 
potential was ramped to -100 mV over a period of 800 ms before 
reduction to —20 mV (Figure 2, inset). Ramp hyperpolarizations 
were repeated every 20 seconds. Voltage-gated K^ currents were 
evoked as described by Ramsden et by depolarizing from a 
prepulse potential of -140 mV to test potentials ranging from -70 
mV to +90 mV. Membrane potential was measured in current clamp 
(1 = 0 pA), with the use of the same solutions as those used in 
voltage-clamp experiments. 

Currents were recorded and analyzed with the use of the Patch 
v6.0 program by Cambridge Electronic Design. Further analyses 
were performed with the use of Microsoft Excel 97 and Microcal 
Origin version 6.1. Student's / tests (paired and unpaired, as 
appropriate) were used to determine the significance of differences 
between the means, with probability values of <0.05 considered 
significant. 

Materials 

Standard reagents were obtained from Sigma- Aldrich or BDH, All 
culture reagents were obtained from Gibco BRL. Anandamide was 
purchased from Tocris Cookson Ltd. 
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Figure 1, Modulation of hypoxic depolarization and excitability. 
A, Sample recording of membrane potential under cun^ent- 
clamp conditions. For the period represented by the horizontal 
bar, perfusate P02 was reduced from 1 50 to ««30 mm Hg. B and 
0, Similar to A, except that hypoxia was applied in the contin- 
ued presence of either pH 6.4 (B) or 1 /imol/L anandamide (C). 
Scale bar shown In A applies also to B and C. Each experiment 
was repeated at least 5 times with similar results. 

Results 

Acute Hypoxia Depolarizes Cerebellar 
Granule Neurons 

Exposure of cells to acute hypoxia resulted in a reversible and 
highly reproducible depolarization (mean value, 14.2 ±2.6 
raV; n==5; P<0,01), as exemplified in Figure 1 A (see also the 
Table). Such a depolarization is consistent w^ith an inhibitory 
effect of hypoxia on channels that set the resting membrane 
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Figure 2. Effect of acidosis or hypoxia on standing outward cur- 
rent. A and B, Sample tracings recorded during the voltage-clamp 
protocol shown in the inset before, during, and after application of 
perfusate at pH 6.4 (A) or hypoxic perfusate (B). C and D, Cument 
amplitudes measured at -20 mV before, during, and after applica- 
tion of perfusate at pH 6.4 (C) or hypoxic perfusate (D). Mean val- 
ues (n=4) are indicated by the horizontal bars. 



2326 Stroke September 2002 



Membrane Potential and Input Resistance Values of Cerebellar Granule Neurons 



pH 6.4 Anandamide 

Control Hypoxia pH 6.4 Anandamide +Hypoxia +Hypoxia 

Membrane potentia). mV -715±1.4 (15) -60.7±1.7(5) -37.2±4.9(5) -56.4±2.0(5) -36.7±4.9(5) -54.9±1.6(5) 
Input resistance, 328± 24(15) 467±12(5) 558 ±21 (5) 475±24(5) 570±24(5) 4 89±21 (5) 

Values are meaniSEM, with number of cells shown in parentheses. Input resistance was calculated from the slope of current 
ramps (approximated to a straight line) evoked between 10 mV positive to and 10 mV negative to the resting membrane potential. 
Statistical differences (see tex^ were determined by paired Mests. For these, each experimental group had Its own control values 
and these are shown pooled in the table. 



potential. Since it has been proposed that one member of the 
TASK channel family underlies the standing outward current in 
these cells^*> and that recombinant TASK-1 is inhibited by 
hypoxia,** we hypothesized that modulation of TASK-1 activity 
by hypoxia would explain this observation. Therefore, we used 
maneuvers designed to modulate selectively TASK-I activity 
and investigated the effect of these on hypoxia-evoked depolar- 
ization. The effects of hypoxia on the membrane potential were 
mimicked by extracellular acidification (Figure IB and Table). 
Thus, reducing extracellular pH from 7.4 to 6.4 (which inhibits 
recombinant TASK-1 channels by >80%»5) produced a signif- 
icant depolarization of 35±4 mV (n=5; P<0.001; Figure IB 
and Table). Importantly, when hypoxia was applied to cells 
already depolarized at a pH of 6.4, no further significant effect 
on membrane potential was observed (Figure IB and Table). 
Similarly, subjecting cells to a discriminating concentration (1 
fxmoUL) of the selective TASK-1 blocker anandamide^^ also 
resulted in maiiced depolarization (16.7±4 mV; n=5; P<0.001) 
and prevented further significant depolarization by acute hypox- 
ia (Figure IC and Table). These data show clearly that an acid- 
and anandamide-sensitive current is inhibited by hypoxia and 
strongly suggest that TASK-1 is the channel underlying this 
conductance. To confirm this hypothesis and identify defini- 
tively the nature of this hypoxia-sensitive current, we studied 
hypoxic modulation of the standing outward current using 
voltage clamp. 



Standing Outward Current Is Hypoxia Sensitive 

In confirmation of previous suggestions that the standing 
outward current is the acid-sensitive TASK-1, Figures 2 
and 4 demonstrate that either reducing extracellular pH to 6.4 
or application of anandamide causes significant current de- 
pression. Thus, at physiological pH of 7.4, cerebellar granule 
neurons, held at -20 mV, had mean outward current and 
current density of 218±13 pA and 97.7 ±0.1 pA/pF, respec- 
tively (n=34). The effect of extracellular acidification on this 
standing outward current is shown in the sample tracing of 
Figure 2A. Reducing pH from 7.4 to 6.4 resulted in a 
substantial and reversible decrease in the current (Figure 2A 
and 2C) but was without significant effect on the voltage- 
gated currents that were activated on return of the membrane 
potential to -20 mV after the hyperpolarizing ramp (Figure 
2A). This current was also sensitive to inhibition by the 
muscarinic receptor agonist carbachol (100 ftmol/L), which 
gave rise to a 55 ±1% decrease in the standing outward 
current (n=4; P<0.001; data not shown). When cells were 
exposed to hypoxia, a similar inhibition of the standing 
outward current was seen (Figure 2B and 2D). This suggests 
that the TASK-1 currents are O2 sensitive in these neurons. 
To ensure that noninactivating voltage-gated K^ channel 
currents (eg, delayed rectifier) did not contribute to the 
02-sensitive component of the standing outward current, 
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Figure 3. l^ck of effect of hypoxia on 
voltage-gated K"^ currents. A, Typical 
time course of current amplitudes mea- 
sured on depolarization to +50 mV. Cells 
were held at -70 mV and, after a 
5-minute waiting period to allow for run- 
down of the TASK current, prepulsed to 
-140 mV before test depolarizations. 8, 
Mean current-voltage relationships for 
the peak cunrent measured in 9 cells 
before (open squares) and during (open 
circles) application of hypoxia. C, Mean 
leak subtracted K"^ currents activated by 
depolarization to +50 mV beiore and 
during application of hypoxia. Current 
tracings were averaged from the same 9 
cells used in B. The voltage protocol is 
shown above. 
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Figure 4. Acid and anandamide exclusion of hypoxic inhibition. A 
and B, Typical time courses of current amplitudes measured at 
-20 mV, showing hypoxic inhibition and its modulation in the 
presence of pH 6.4 (A) or 1 ^nioi/L anandamide (B). Periods of 
application are shown by horizontal bars. C, Mean subtracted 
current-voltage relationships showing the hypoxic and acid- 
sensitive currents (n=4). Also shown is the minimal residual 
02-sensitive current in the presence of pH 6.4. D, Typical time 
course of current amplitude measured at -20 mV. showing anand- 
amide inhibition and its modulation in the presence of pH 6.4. A, B, 
and D are representative of 5 repeated experiments in each case. 

voltage-gated currents were activated by repetitive depolar- 
izations to +50 mV from a prepulse potential of - 140 mV 
with the use of conventional ruptured patch (as opposed to 
perforated patch) whole cell. Under these conditions, TASK 
currents are minimal because of "run-down" of the channel.^' 
No inhibition of voltage-gated currents was observed on 
application of hypoxia (Figure 3A and 3C). Current- voltage 
relationships were constructed before and during perfusion 
v/ith hypoxic solutions (Figure 3B). No effect of hypoxia was 
seen on voltage-gated currents at any of the potentials tested. 
Thus, the inhibitory effect of hypoxia on K"" channels in these 
cells appears to be specific for TASK and does not involve 
inhibition of voltage-gated channels. 

To substantiate the claim that the Oj- and acid-sensitive 
currents were one and the same, we investigated the effect of 
hypoxia in the presence of extracellular acidosis. Plotted in 
Figure 4A is a sample time course of the amplitude of the 
standing outward current during these maneuvers. Thus, 
exposing cells to hypoxia resulted in a rapid and reversible 
decrease in the current amplitude by 47±3% (n=6; 
P<0.001). Subtraction of the ramp current recorded in 
hypoxia from the ramp current recorded in normoxia resulted 
in the difference (ie, Oj-sensitive) current exemplified in 
Figure 4C. When the perfusing solution was switched from a 
pH of 7.4 to 6.4, a more substantial decrease in the standing 
current at -20 mV was observed (75 ±2%; Figure 4A); the 
subtracted acid-sensitive current is shown in Figure 4C. It is 
noteworthy that, apart from absolute magnitude, the O2- and 
acid-sensitive current-voltage relationships appear similar (ie, 



follow Goldman-Hodgkin-Katz rectification), which suggests 
that these currents are flowing through open rectifying K^ 
channels. Importantly, exposure of cells to hypoxia at pH 6.4 
produced no further significant inhibition (Figure 4A); this is 
seen clearly in the third tracing of Figure 4C, which plots the 
negligible 02-sensitive current at pH of 6.4. 

Further evidence for the involvement of TASK-1 in the 
hypoxic inhibition of the standing outward current is pro- 
vided by the data shown in Figure 4B. Anandamide (1 
^imol/L) inhibited the standing outward current by 46±3% 
(n=4). This effect was maximal because a higher concentra- 
tion of anandamide (3 ftmol/L) produced no further blocking 
effect (n=4; data not shown). In the presence of this discrim- 
inating concentration of anandamide (1 ftmol/L), hypoxia 
was no longer effective (Figure 4B). The ability of anandam- 
ide to inhibit the current was absent in hypoxia. Under this 
condition, application of anandamide resulted in a further 
inhibition of only 2±l% of the original current (n=4). 
Consistent with these findings for anandamide and for low 
pH and hypoxia were changes in cell input resistance (Table). 
These were calculated by approximating currents to straight 
lines for 10 mV positive to and 10 mV negative to the cell 
resting potential (Table). Thus, significant increases in input 
resistance were found for hypoxia (P<0.05), pH 6,4 (P<0.001), 
and anandamide (P<0.01). Furthermore, at pH 6.4 or in the 
presence of anandamide, no further significant increase in cell 
input resistance to hypoxia was observed (Table). 

Even though the degree of current inhibition by low pH 
was much greater than the inhibition seen with anandamide, 
both completely occluded the effect of hypoxia. This suggests 
that the standing outward current in these cells is composed 
of more than one channel type, with only one (the 
anandamide-sensitive TASK-1) being inhibited by hypoxia. 
To address this possibility we applied anandamide and low 
pH to the same cell. An example of the time course for this 
effect is shovm in Figure 4D. Extracellular acidification 
blocked an additional component of the standing outward 
current when applied in the presence of anandamide (inhibi- 
tion by anandamide, 42 ±1%; inhibition by anandamide and 
pH 6,4, 77 ±4%; n=4). Furthermore, when anandamide was 
removed fi-om the acidified extracellular medium, no recov- 
ery could be observed (inhibition by pH 6.4 alone, 78±3%; 
eg. Figure 4D), clearly indicating that low pH blocked the 
anandamide-sensitive component of current. Thus, there ap- 
pear to be 2 components of the acid-sensitive standing 
outward current in these cells: one that is inhibited by 
anandamide and one that is anandamide insensitive. A recent 
study by Talley and coworkers^o indicates that both TASK-1 
and TASK-3 are highly expressed in the granule cell layer of 
the cerebellum, suggesting that the anandamide-insensitive 
current that we observe is carried by TASK-3. If such a 
suggestion is true, this would indicate that TASK-3 is also 
hypoxia insensitive in these cells. 

Discussion 

The standing outward current observed in cerebellar granule 
neurons held at a potential of -20 mV is thought to be a 
consequence of TASK expression. The current is sensitive to 
muscarinic inhibition and modulation by pH,»o and previous 
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studies have claimed that TASK-1 is the specific channel 
involved. However, these previous claims were based on posi- 
tive immunoreactivity with the use of a commercially available 
antibody raised against TASK- 1 and sensitivity to pH, a char- 
acteristic common to all expressed TASK-like channels. In this 
study we confirm that TASK-1 underlies a proportion of this 
current by showing that it can be inhibited by the endocannabi- 
noid anandamide, a selective inhibitor of TASK-1 when used at 
1 punol/L.»8 However, we also found evidence for a pH- 
sensitive, anandamide-insensitive current component and, on the 
basis of expression studies in rat brain,2o suggest that this is 
earned by TASK-3. In addition to these findings, we show that 
hypoxia can selectively inhibit native TASK-1. Such an inhibi- 
tion of twin pore domain K"^ channels has previously been 
shown for a TASK-like cunrent in carotid body glomus cells*^ 
and TASK-3 in a human neuroepithelial cell line.*^ The findings 
that both anandamide and pH 6.4 occluded the inhibition by 
hypoxia (a characteristic of recombinant TASK-1 »^ provide 
compelling evidence that inhibition of TASK-1 accounts for the 
reduction of the standing outward current and cell depolarization 
of cerebellar granule neurons. This depolarization, which is 
accompanied by an increase of cell input resistance (Table), is 
consistent with the idea that acute hypoxia, by inhibiting a 
hyperpolarizing conductance active at resting membrane poten- 
tial, would increase neuronal excitability. However, it should 
also be noted that more prolonged episodes of hypoxia are likely 
to lead to an accumulation of K^ extracellularly, an effect that 
would in itself depolarize neurons. In addition to increasing 
excitatory output from these neurons, this depolarization would 
also facilitate the glutamatergic excitatory input into these cells 
by relieving Mg^'^-dependent blockage of A/^methyl-D-aspartate 
receptors.2» However, and in common with other groups, we 
found it difficult to activate repetitive, all-or-none action poten- 
tials in these cultured neurons. Such poor excitability has been 
shown to be a consequence of the damping effect of the 
relatively large voltage-gated K"" channel current that these cells 
exhibit 22 This does not diminish the importance of our sugges- 
tion that the increased excitability observed in hypoxia/ischemia 
is likely due to inhibition of TASK-1. 

There are potential pathological consequences arising firom 
inhibition of TASK-1 in cerebellar granule neurons. The 
depolarization caused may lead to increased firing patterns, 
which in turn could cause excitotoxicity via excess glutamate 
release (this is especially so since the cell input resistance 
increases), a major determinant of ischemic cell death in 
central neurons.^^ Indeed, transient depolarizations during 
hypoxia have been demonstrated in more intact central 
neuronal preparations.^^* However, hyperpolarizations have 
also been reported, arising because of activation of ATP- 
dependent and Ca^^-sensitive K"" channels, although it should 
be noted that these studies examined the effects of anoxia, not 
hypoxia. 24 Clearly, neuronal responses to acute hypoxic/is- 
chemic episodes are complex.2'23 However, since TASK-1 
appears to be a major determinant of cell input resistance and 
membrane potential, its specific inhibition by acute hypoxia 
is likely to be a major contributory factor in the overall 
response of neurons during infarction; as such, it represents a 
potentially important therapeutic target for treatment of con- 
ditions characterized by ischemia^ypoxia, such as stroke. 
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Anesthetic-sensitive 2P Domain Channels 
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VOLATILE anesthetics induce neuron hyperpolarization 
and consequent depression of the central nervous sys- 
tem.^"*^ In addition to the well-known potentiation of 
y-aminobutyric acid type A and glycine chloride chan- 
nels,^'^ evidence demonstrates that in both invertebrates 
and vertebrates, volatile anesthetics open background 
K channels and thus increase the resting membrane 
potential,®'^'^' '^ For instance, in the mollusk Ljnnnaea, 
halothane opens a class of baseline K"^ channels (IKAn) 
that hyperpolarize and silence pacemaker neurons (figs. 
lA and B).^'' In Aplysia califomica, halothane-medi- 
ated neuronal hyperpolarization is caused by the opening 
of the background S-type (serotonin-sensitive) chan- 
nel.'^ Similarly, opening of baseline acid-sensitive K"*" chan- 
nels by volatile anesthetics produces rat hypoglossal and 
locus coeruleus neuron hyperpolarization.'^'*'^ 

Recent reports demonstrate that the volatile anesthet- 
ic-sensitive background K"^ channels belong to the fam- 
ily of mammalian channel subunits with four trans- 
membrane segments and two P regions (fig. 2 and table 
1).^*^^'^^ Interestingly, the yeast 2P domain K*** channel, 
which is characterized by eight instead of foxir transmem- 
brane segments, is also activated by volatile anesthetics, 
demonstrating the conservation of this pharmacology.'^'*^ 
The mammalian 2P domain channel subunits are char- 
acterized by diverse patterns of expression and functional 
properties,^ ' ^'2^-2^ Volatile anesthetics selectively open 
human TREK-1, TREK-2, TASK-1, TASK-2, TASK-S. and 
TALK-2 channels. '^''■^•^^•^^ On the contrary, local anesthet- 
ics reversibly inhibit the 2P domain channels.^^"^^ In 
the current report, the expression and properties of these 
anesthetic-sensitive channels are reviewed, and their 
possible fimaional role in the mechanisms of anesthesia 
and analgesia is discussed. 
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Manunalian 2P Domain Channels 

Mammalian channels belong to three main struc- 
tural classes made of two, four, or six transmembrane 
segments (TMSs).^^'^' The common feature of all K"*" 
channels is the presence of a conserved motif called the 
P domain (the K"^ channel signature sequence or puta- 
tive pore-forming region), which is part of the con- 
duction pathway.^^ The two TMS and six TMS classes are 
characterized by the presence of a single P domain, 
whereas the most recently discovered class of four TMS 
subunits is characterized by the presence of a tandem of 
P domains (fig. 2K)}^'^^ Functional channels are 
tetramers of pore-forming subunits for the two and six 
TMS classes and possibly dimers in die case of the four 
TMS class.^^ 

The 2TMS-1P channels encode the inward rectifi- 
ers. These K"^ channels close with depolarization be- 
cause of channel block by intracellular Mg^^ and poly- 
amines (for review, see report by Ruppersberg^'^). The 
conductance increases on hyperpolarization, and, con- 
sequently, the inward currents recorded at potentials 
below the equilibrium potential EK^ (approximately 
-90 mV in a physiological K"^ gradient) are much larger 
than the outward K"^ currents recorded at depolarized 
potentials. AJthough the amplitude of the outward cur- 
rents flowing through the inward rectifiers is limited, 
they will have a major influence on the resting mem- 
brane potential.^^ The voltage at which channel gating 
by intracellular Mg^"^ and poly amines occurs will set the 
range in which the K"^ channel will influence the cell 
membrane potential. Because they are blocked at depo- 
larized potentials, these channels will have a small but 
limited role in the repolarization of the action potential. 

By contrast, the outward rectifiers encoded by the 
6TMS-1P subunits open on depolarization (Kv channels) 
and after intracellular Ca^**" increase (BK and SK chan- 
nels). Depolarization is sensed by the positively charged 
fourth TMS of Kv channels, which is coupled to activa- 
tion gates. Opening of the voltage-gated K"^ channels is 
time-dependent (delayed rectifiers) and contributes to 
repolarize and terminate the action potential.^^ Several 
voltage-gated channels are also characterized by a 
fast (N-type) inactivation process. The inactivation gate 
is the positively charged amino terminus of these spe- 
cific subunits (ball-and-chain mechanism). 
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Fig. 1. Halothane opens background channels and hyperpo- 
larizes specific neurons. C4) Anesthetic concentraUons of halo- 
thane reversibly block the endogenous firing activity of a pace- 
maker neuron in Lymnaea. (Adapted with permission from 
Franks and Ueb.^ (J?) Current-voltage relations for a typical 
Lymnaea isolated anesthetic-sensitive neuron in the presence 
of 1.4 mM halothane. The current-voltage relations In control 
(before the addition of halothane) and after washout are illus- 
trated. (Adapted with permission from Lopes et al *0 

The class of mammalian 4 TMS chamiel subunits 
has expanded to include 14 members (fig. 2B and table 
1). These subunits share the same structural motif with 
4TMS.2P, an extended Ml PI extracellular loop, and 
both amino and carboxy termini facing the cytosol. How- 
ever, low sequence identity is found outside the pore 
domain.^^ The mammalian 2P domain channels are 
classified into five main structural subgroups* (1) 
TWIK-l, TWIK-2, and KCNK7^^-^« (KCNK7 is not func- 
tional); (2) TASK-1, TASK-3, and KT 3-3 (Acc No.: NM 
022358; expression has not been reported)^ ^3. 
(3) TREK-1, TKEK-2, and TRAAK'^*^"*^^'^^. TASK-2! 
TALK-1, and TALK-2 (also caUed TASK-4)' ^-25.46.47. 
(5) THIK-1 and THIK-2^^ (THIK-2 is not fimctional) (fig. 
2B). 2P domain channels have also been identified in 
Drosophila and Caenorbahditis elegans,"^^'^^ In the 
nematode, approximately 50 of 80 K*^ channel subunits 
belong to the 2P domain family.^^'52 Drosophila, 
11 of 30 channel subunits belong to the 2P domain 
family.53 very little conservation (< 35%) is found be- 
tween nematode, Drosophila, and human sequences. 
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TWDC-l, the first mammalian 2P domain channel to 
be identified, self-associates to form disulfide-bridged 
homodimers.^^ The extracellular Ml PI interdomain, pre- 
dicted to form an amphipathic helix, promotes self- 
dimerization. A cysteine located in this domain appears 
to be important for the dimerization of some, but not all 
2P domain channels, for instance, TASK-1.^^ A dimer 
contains 4P domains, which are essential in the forma- 
tion of K^-selective pores. No evidence for heteromul- 
timerization has yet been reported for the 2P domain 
channels. 

Leak channels, which are opened pores in the mem- 
brane, have no voltage or time dependency by defini- 
tion.^^ Activation is instantaneous on depolarization as 
the channels are always opened at rest. Because of an 
asymetrical physiological gradient (approximately 
150 mM intracellular and 5 mM extracellular), the current- 
to-voltage relation of a K"^ leak channel is predicted to be 
outwardly rectifying (Goldman, Hodgkin, and Katz con- 
stant-field theory, also called the open rectification) (fig. 
2Q.^5 ^ ^ symmetrical gradient, die current-to-volt- 
age relation of the leak channel is expected to be linear, 
as observed for TASK-1, TRAAK, and TALK-1 (fig. 2C). 
These K"^ channels thus behave as open rectifiers. Be- 
cause of this leak characteristic, the background 
4TMS-2P K"^ channels are expected to influence both 
the resting membrane potential (along with the inward 
rectifiers) and the repolarization phase of the action 
potential (along with the voltage-gated and Ca^^-acti- 
va^ed outward rectifiers). Several 4TMS-2P background 
K"^ channels are, however, more than a simple open 
rectifier leak channel (figs. 2D and E). For instance, 
TREK-1 is a K^ channel that displays a strong outward 
rectification in a symmetrical K^ gradient (fig. 2D).^^'^^ 
This rectification is at least partly caused by a voltage- 
dependent gating.2^ SimUar outward rectification has 
also been observed for TALK-2, TASK.2, TREK-2, and 
TASK-3. Moreover, the activation of TASK-2 
and TREK-2 is time<lependent'^*^^'^^ On the contrary, 
TWIK-2 shows a mild inward rectification when re- 
corded in a symmetrical K^ gradient (fig. 2E).^^ Mild 
inward rectification is also typical to TWIK-1 and THIK- 
1. ' TWIK-2 is additionally characterized by a time- 
dependent inactivation.^^ The various 4TMS-2P chan- 
nels will differentially tune the resting potential or the 
action potential duration because of these particular 
rectification-, time-, and voltage-dependent properties, 

Mechano-gated TREK-1 and TREK-2 AT*" Channels 
are Opened by Inhalational Anesthetics 
Human TREK-1 is highly expressed in brain and ovary 
and to a lesser extent in kidney and small intes- 
^£ 15.17.54,55 human brain, TREK-1 shows the great- 
est expression in die caudate nucleus, the putamen, the 
spinal cord, and die dorsal root ganglia (fig. 3).'^'55 
die protein level, ^fREK-l is present at bodi synaptic and 
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Table 1. Nomenclature of Mammalian 2P Domain Channels 



Original 
Abbreviations 


Original Neimes 


Hugo Nomenclature 


Human Chromosomal 
Localization 


TWIK-1 


Tandem of P domains in a weak inward rectifying 


KCNK1 


1q42-q43 




channel- 1 




TWIK-2 


Tandem of P domains in a weak inward rectifying 


KCNK6 


19q13.1 




channel-2 




KCNK-7 




KCNK7 


1 1n1 Q 

1 iqio ' 

1q41 

14q31 

11q13 

2p23 

8q24.3 

6p21 

6p21 

6p21 

14q24.1-14q24.3 
2p22-2p21 


TREK-1 


TWIK-1 -related K"" channel-1 


KCNK2 


TREK-2 


TWIK-1 -related K^ channel-2 


KCNK10 


TRAAK 


TWIK-related arachldonic acid-stimulated K"*" channel 


KCNK4 


TASK-1 


TWIK-related acid-sensitive channel-1 


KCNK3 


TASK-3 


TWIK-related acid-sensitive K"^ channel-3 


KCNK9 


TASK-2 


TWIK-related acid-sensitive K"" channel-2 


KCNK5 


TALK-1 


TWIK-related alkaline pH activated K"^ channel-1 


KCNK16 


TALK-2 


TWIK-related alkaline pH activated K" channeI-2 


KCNK17 


THIK-1 


Tandem pore domain halothane inhibited channel-1 


KCNK13 


THIK-2 


Tandem pore domain halothane inhibited K^ channel-2 


KCNK12 



nonsynaptic sites in mouse brain. ^^'^^'^^ Significant ex- 
pression is also detected in both small and medium 
sensory neurons of mouse dorsal root ganglia.^^ Human 
TREK-2 (78% of homology with TREK-1) is abundantly 
expressed in kidney and pancreas and more moderately 
in testis, brain, colon, and small intestine.*"^ In human 
brain, TREK-2 shows the strongest expression in the 
caudate nucleus, the cerebellum, the corpus callosum, 
and the putamen (fig. 3).*"^'^^ Some tissues only express 
TREK-1 (ovary) or TREK-2 (pancreas, colon), Other 
tissues do not express these channels or only to very 
modest levels (heart, skeletal muscle, lung, blood leuko- 



cytes, and spleen). Finally, some tissues present overlap- 
ping expression (brain, kidney, small intestine). 

TREK-1 and TREK-2 channels are mechano-gated K"*" 
channels opened by membrane stretch. At the 
whole cell level, TREK-1 is modulated by cellular vol- 
ume.^^*^^ Mechanical force is believed to be transmitted 
directiy to the channel via the lipid bilayer.^^-^® Lower- 
ing intracellular pH shifts the pressure-activation rela- 
tion of TREK-1 and TREK-2 toward positive values and 
ultimately leads to channel opening at atmospheric pres- 
sure. ^^'^^ Acidosis essentially converts a TREK mechano- 
gated channel into a constitutively active background 



Fig. 2. The human 2P domain cliannel 
subunits. C4) Membrane topology of a 
background channel with four trans- 
membrane segments and two P domains. 
Both amino and carboxy termini are intra- 
ceUular. (ft) Phylogenetic tree of the hu- 
man 2P domain K* channels. (C) I-V 
curves of TASK-1, an open rectifier, con- 
structed with voltage ramps of 600 ms in 
duraUon from -120 to 100 mV in a phys- 
iological (150 mM K"^ intracellular and 5 
nm extracellular) and in a symmetrical 
K"^ gradient (150 mM intracellular and 
150 mM extracellular). (D) I-V curves of 
TREK-1, an outward rectifier. (£) I-V curves 
of TWIK-2, a mild inward rectifier. 
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Fig. 3. Pattern of expression of 2P domain 
K"*" channels in the nervous system. In the 
absence of symbol, the expression has not 
been determined. Adapted from Girard et 
at Rafan et at and M edhurst et al 



channel. ^^'^^ TREK-1 is also gradually and reversibly 
opened by heat. An increase in temperature of lO^'C 
enhances TREK-1 current amplitude by approximately 
sevenfold.^'' Finally, TREK-1, TREK-2, and TRAAK are 
reversibly opened by polyunsaturated fatty acids and 
lysophospholipids, including arachidonic acid and lyso- 
phosphatidylcholine (fig, 4).J7.29,44,45.6o ^eietional anal- 
ysis demonstrates that tlie carboxy terminus, but not the 
amino terminus and the extracellular Ml PI loop, is critical 
for activation of TREK-1 by stretch, arachidonic acid, lyso- 
phospholipids, intracellular acidosis, and tempera- 
^ 22,29.59 Tpj^i^.i TREK-2 activation are reversed by 
protein kinase A stimulation, ^^'^"•^^•^•^ Protein kinase 
A-mediated phosphorylation of Ser333 in the carboxy ter- 
minus mediates TREK-1 closing. TREK-1 and TREK-2 are 
insensitive to most of the classical K"*^ channel blockers, 
including tetraethylammonium (TEA^; 10 him), 4-amino- 
pyridine (4-AP; 3 mM), Ba^^ (1 mM), gUbendamide (10 /xm), 
charybdotoxin (1 im\ and apamin (10 jum). TREK-1 is 
reversibly blocked by Gd^*'^ (30 )um). amiloride (2 mM), and 
chlorpromazine (10 im)}^'^'^'^ 

TREK-1 and TREK-2 are opened by chJorofonn, diethyl 
ether, halothane, and isoflurane in transfected mamma- 
lian cells (figs. 4 and SA).*^*'^'^^ Opening of these chan- 
nels by anesthetics induces cell hyperpolarization (fig. 
5B). hiterestingly, the other structurally and functionally 
related 2P domain K"*" channel, TRAAK, is insensitive to 
volatile anesthetics.'^ Human TREK-1 is most sensitive to 
chloroform (2,3-fold increase in current amplitude at 
1 mM), whereas halothane is the strongest opener of 
human TREK-2 (2.3-fold increase at 1 nuvi).'^ In ex- 
cised outside-out patches, the 48 pS TREK-1 channel is 
reversibly opened in a dose-dependent manner by chlo- 
roform and halothane (fig. 5C).'^ No channel activity is 
observed in the absence of anesthetic, suggesting that it 



converts inactive channels to active ones. Deletion of 
the amino terminus does not affect anesthetic-induced 
TREK-1 opening,*^ In contrast, deletion of the carboxy 
terminus at Thr 322 completely suppresses responses to 
both chloroform and halothane. These results demon- 
strate that the carboxy terminus, but not the amino 
terminus, of TREK-1 is critical for anesthetic activation. 

TREK-1 and TREK-2 share aU the functional properties 
of the anesthetic-sensitive background K"^ channels in 
Lymnaea pacemaker neurons and the S channel mAply- 
sia sensory neurons (fig. IB).^ "'*^ Both endogenous 
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Fig. 4. Sensitivity of mammalian 2P domain channels to 
arachidonic acid, extracellular acidosis, cliloroform, halothane, 
and isoflurane. In the absence of symbol, the properties of the 
channel have not been determined. Adapted from Patele/ 
Gray etal,^^ Girard et al Patel et al Kim et al and Raian 
et al^^ 
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Fig. 5. TREK-1 is opened by general anes- 
thetics. 0*) Chloroform (0,8 nrn) stimu- 
lates whole cell TREK-1 currents recorded 
In transfected epithelial cells. (») Chloro- 
form (0,8 mM) reversibly hyperpolarizes a 
cell expressing TREK-1. (C) Increasing 
concentrations of halothane reversibly 
open TREK-1 channels in an excised out- 
side-out patch. (Adapted with permission 
from Patel et at 
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and cloned background K"*" channels are opened by 
volatile anesthetics in excised patches, suggesting a di- 
rect mechanism of action (fig. 5C),^^''^ Moreover, the 
lack of effect of volatile anesthetics on TRAAK, another 
mechano-gated polyunsaturated fatty acid-sensitive 2P 
domain subunit, suggests that an indirect membrane 
effect is xmlikely.'^ Pure optical isomers of the volatile 
anesthetic isoflurane show clear stereoselectivity in ac- 
tivating background currents in pacemaker neurons 
of the Lymnaea}^ The + isomer is more potent tlian the 
- isomer in hyperpolarizing neurons, suggesting that 
volatile anesthetics act by direct binding to the protein 
rather than a nonspecific perturbation of lipids. Al- 
though the stimulation by inhalational anesthetics seems 
to be direct, one cannot fully rule out possible indirect 
effects."'*^ '5 Indeed, it has been shown in Lymnaea 
neurons that, although the aaivation of IKAn by volatile 
anesthetics is independent of the lipoxygenase and cy- 
clooxygenase pathways, it might involve the cyto- 
chrome P450 pathway. Moreover, TREK-1 is not sen- 
sitive to volatile anesthetics when expressed 'mXenopus 
oocytes.'^ These negative results may indicate that ei- 
ther a specific membrane enviromnent or critical cofac- 
tors, which are absent in Xenopus oocytes but present 
in mammalian cells, may be required. 

Acid-sensitive Background Channels TASK-1 
and TASK-3 Are Opened by Volatile Anesthetics 
Human TASK-1 is particularly abundant in the pancreas 
and the placenta.^ * Lower levels of expression are found 
in brain, lung, prostate, heart, kidney, uterus, small in- 
testine, and colon. High concentrations of TASK-1 are 
found in cerebellar and olfactory granule cells, olfactory 
tubercles, scattered neurons through all layers of cere- 
bral cortex, intralaminar thalamic nuclei, pontine nuclei, 
and the locus coeruleus of the rat.^'^' Brainstem and 
spinal cord motomeurons display the strongest expres- 
sion of TASK-1.^ Motor nuclei with high concentrations 



^ -60^ 2min 




halothane 1 mM 



of TASK-1 include facial, hypoglossal, ambigual, and mo- 
tor trigeminal, as well as the vagal motor nucleus. 
TASK-1 is also particularly abundant in rat carotid body 
cells.^* In human brain, the strongest expression is 
found in the cerebellum, thalamus, and pituitary gland 
(fig. 3).^^ TASK-1 is also particularly abundant in human 
dorsal root ganglia.^^ Human TASK-3, which is 62% iden- 
tical to TASK-1 , is largely and selectively expressed in the 
cerebellum.'*^'^^ 

TASK-1 and TASK-3 K^ currents are instantaneous (or 
at least very rapidly activating^^-^^) and non-inactivat- 
ing 8.21.23,26.41,43 and TASK-3 are background K^ 
currents that are very sensitive to variations in extracel- 
lular pH (fig. 2Q«*2»-23.26,28.41 

TASK-3 channels are closed at pH values of 7.3 and 6.5, 
respectively.«-2i.23,26.4i.43 jj^y^.^ inhibited by Zn^^, 
the local anesthetic bupivacaine, the anticonvulsant phe- 
nytoin, quinidine. and Ba^^.^'^ ' 23,43 However, it is resis- 
tant to TEA^ and 4-AP. TASK-1 is inhibited by receptors 
coupled to Gq proteins, including the M3 muscarinic 
receptor.^^*^ The second messenger involved in chan- 
nel inhibition is still unknown. The endocannabinoid 
anandamide has recently been shown to be a direct and 
selective blocker of TASK-1 .^^ It has been suggested that 
anandamide might be involved in receptor-induced 
down-modulation of TASK-1 .^^ TASK-3 is blocked by 
lidocaine, bupivacaine, barium, and quinidine but resis- 
tant to tetraethylammonium.^^'^^'^^ 

TASK-1 is opened by halothane and isoflurane but is 
insensitive to chloroform and partially inhibited by di- 
ethylether (figs. 6A and B).^''^ Halothane opens TASK-l 
in the excised patch configuration despite a strong run- 
down of channel activity on excision (fig. 6C)}^ Dele- 
tion of the last 147 amino acids in the carboxy terminus 
of TASK does not alter halothane sensitivity, whereas 
further deletion kills channel activity. Fusing the carboxy 
terminus of TREK-1 restores basal but not anesthetic- 
stimulated activity, demonstrating that the region lo- 
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Fig. 6. TASK-1 is Opened by halogenated inhalatlonal anesthet- 
ics. 04) Halothane (1 mM) stimulates TASK-l current in a trans- 
fected cell voltage clamped at 0 mV. (B) Halothane (1 him)- 
stimulated I-V curves recorded in both physiological and 
symmetrical R-*^ gradients. (C) Halothane (1 mn) stimulates 
TASK-1 opening in an excised inside-out patch. (Adapted with 
permission from Patel et aL^^) 

cated between residues 242 and 248 (VLRFMT) is criUcal 
for anesthetic sensitivity.'^ 

A background current sets die resting membrane 
potential in type I carotid body chemoreceptor cells.^' 
Reversible inhibition of this background current by 
hypoxia or acidosis induces membrane depolarization. 
Depolarization of type I ceils leads to opening of voltage- 
gated Ca^^ channels, an increase in intracellular Ca^"^, 
and release of neurotransmitters, including dopamine.^^ 
The released neurotransmitters stimulate sinus nerve 
endings and trigger the reflex increase in respiration. 
The endogenous background charuiel in type I cells 
shares the biophysical and pharmacologic properties of 
TASK-1.^' It is reversibly inhibited by mOd external aci- 
dosis, time- and voltage-independent, resistant to TEA^ 
and 4-AP, but blocked by Ba^^, Zn^^, bupivacaine, and 
quinidine. Moreover, the type I cell background 
current is enhanced by halothane but is insensitive to 
chloroform.^* Opening of TASK-1 -like background 
channels in type I carotid body cells may be partially 
responsible for the suppression of hypoxic ventilatory 
drive during general anesthesia. 

In rat somatic motoneurons, locus coeruleus neurons, 
and cerebellar granule neurons, inhalational anesthetics 
similarly activate a background TASK-1 -like conduc- 
tance, causing membrane hyperpolarization and sup- 
pressing action potential discharge (figs. 7A and B).^'^^ 
Tliese effects occur at clinically relevant anesthetic con- 
centrations with the steep dose dependence expected 
for anesthetic effects of these compounds.® External 
acidosis to pH 6.5 completely blocks the current acti- 
vated by anesthetics (fig. 7B, inset).^'^^ In motoneurons 
and cerebellar granule neurons, opening of TASK-1 clian- 
nels may contribute to anesthetic-induced immobiliza- 



tion, whereas in the locus coeruleus, it may support 
analgesic and hypnotic actions.® 

Application of 1 mw halothane reversibly potentiates 
human TASK-3 current amplitude by 66%.^^ The onset of 
halothane stimulation in Xenopus oocyte is rapid (t 
62 s), whereas full recovery takes as long as 5 min. By 
contrast, the neurosteroidal anesthetic alphaxolone in- 
hibits TASK-3. Pentobarbital and ketamine do not sig- 
nificantiy affect TASK-3 at a concentration of 100 /llm.^^ 

Spinal Cord and Dorsal Root Ganglion Background 

Channel TASK'2 Is Opened by Inhalational 
Anesthetics 

Himian TASK-2 is found in kidney, pancreas, lung, and 
placenta.^^ Although TASK-2 expression is weak in 
whole brain, it can be detected by polymerase chain 
reaction in rat spinal cord.^^ TASK-2 is foimd throughout 
the spinal cord in both ventral and dorsal sections.*^ 
Moreover, TASK-2 is expressed in high concentrations in 



halothane 



pH 6.5 




membrane potential (mV) 



Fig. 7. 04) Halothane (0.3 mM) hyperpolarizes neurons of the rat 
locus coeruleus. These recordings were performed in the contin- 
ued presence of bicuculline and strychnine to rule out the possible 
effects of y-aminobutyric acid and glycine inhibition. In addition, 
ZD7288 was included in the pipette to block hyperpolarization- 
activated catlonic current (Ih). The halothane-induced hyperpo- 
larization is reversed by extracellular acidosis to pH 6.5. (0) pH 
sensitivity of the halothane-induced K"^ current in locus coeruleus 
neurons. The I-V curve obtained from subtracting the halothane 
current in pH 6.5 from that in pH 7.3 foUows the Goldman- 
Hodgkln-4Catz equation. The histogram in the inset illustrates the 
current amplitude at -60 mV in control pH 7.3 and during acidosis 
at pH 6.5. (Adapted with permission from Sirois et aL^ 
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human spinal cord as well as in dorsal root ganglia (fig. 
3).^^ TASK-2 produces non-inactivating, outwardly recti- 
fying currents with activation potential thresholds 
that closely foUow the K"^ equilibrium potential. 
TASK-2 activation is time-dependent with a fast time 
constant of approximately 60 ms at 0 mV. TASK-2 cur- 
rents are blocked by quinine and quinidine but not by 
* the classical K^ channel blockers TEA"^, 4-AP, Cs"^, and 
g^2+ 46 7^K-2 is inhibited by external acidosis with a 
half-inhibition at pH 7,8}^'"^^ Application of volatile an- 
esthetics causes a concentration-dependent increase in 
TASK-2 currents in a range overlapping minimum alve- 
olar concentrations.'^ TASK-2 is more sensitive to halo- 
thane than isoflurane.'^ Unlike TASK-1, TASK-2 is also 
stimulated by chloroform (fig. 4). Site-directed mutagen- 
esis has been used to delete the carboxy terminus of 
TASK-2.*^ The truncated TASK-2 channel does not 
express a spontaneous or volatile anesthetic- evoked ac- 
tivity, further demonstrating the critical role of the car- 
boxy terminus in the function of 2P domain K"^ 
channels.'546,29 



Volatile Anesthetic-inhibited 2P Domain 
Channels 

TWTK-2 is a background K^ channel that is highly ex- 
pressed in bodi visceral and vascular smooth muscle.^^ 
Human TWIK-2 is absent in the brain and in the cerebel- 
lum (fig. 3)."^^'^^'^^ However, a moderate to strong ex- 
pression is found in the human spinal cord and in the 
dorsal root ganglia.^^ Chloroform (300 /am) and halo- 
thane (750 ^m) reversibly inhibit TWIK-2 by 32 and 27%, 
respectively,^^ 

THIK-1 expression is ubiquitous, with a substantial 
expression in some restricted areas of the rat brain (fig. 
3)."^^ The strongest concentrations are found in the ol- 
factory bulb granule cell layer, the lateral septal nucleus 
dorsal, the ventromedial hypothalamic nucleus, the thal- 
amus reticular and reunions nuclei, and. finally, the para- 
brachial nuclei.^^ THIK-1 is a weak inward rectifier that 
is stimulated by arachidonic acid but inhibited by halo- 
thane, with an IC50 value of 2.83 niM (fig. 4).^** Interest- 
ingly, 1 mM chloroform fails to affect THIK-1.^® 

Human TALK-1 is exclusively expressed in the pancre- 
as. Human TALK-2 is similarly found in high concen- 
trations in the pancreas but is also present in liver, 
placenta, heart, and lung.^^ talK-1 and TALK-2 are back- 
ground K^ currents that are activated by alkaline pH but 
are insensitive to arachidonic acid. Both channels are 
inhibited by 800 im chloroform (-21 and -44%, respec- 
tively) and 800 /xm halothane (-27 and -56%, respec- 
tively) (fig. 4).25'^^ Interestingly, TAIK-1 is not sensitive 

to 800 isofiurane, whereas TALK-2 is stimulated 
(+58%).25 
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Inhibition of Background Channels by Local 
Anesthetics 

Bupivacaine, tetracaine, and lidocaine inhibit several 
mammalian 2P domain K"^ channels, including TASK-1, 
TASK-3, TREK-1, and TWIK-l.^^'^^ The presence of the 
uncharged form of the local anesthetic is important for 
channel inhibition. TASK-1 inhibition is greater at alka- 
line pH values (28% inhibition with 10 /xm bupivacaine at 
pH 8.4).^*^ The potency of inhibition is direcdy corre- 
lated with the octanohbuffer distribution coefficient of 
the local anesthetic. The IC50 values for TASK-1 are 
109 im mepivacaine, 222 im lidocaine, 51 /llm J?(+> 
ropivacaine, 53 /xm 5(->ropivacaine, 668 /xm tetracaine, 
41 /XM bupivacaine, and 39 /xm etidocaine.^^ The Hill 
coefficient of the dose- effect curves is close to 1, sug- 
gesting that a single local anesdietic molecule binds to 
each 2P domain K^ channel. The stereoisomers of ropi- 
vacaine are equipotent, demonstrating that the inhibition 
is not stereoselective.^^ Local anesthetics significantly de- 
polarize cells expressing TASK-1. The membrane depolar- 
ization may enhance the binding of local anesthetics to 
the open and inactivated states of the voltage-dependent 
Na"^ channels.^^ Therefore, the inhibition of backgroimd 
2P domain K^ channels by local anesthetics should con- 
tribute to enhance the conduction block of peripheral 
nerves. 

Conclusions and Perspectives 

These recent findings provide strong evidence that 2P 
domain K"^ channels are sensitive molecular targets for 
volatile anesthetics. Together with the known modula- 
tion by neiu-otransmitter receptors, opening of these 
channels will contribute to the hyperpolarizing action of 
general anesthetics.*^ 

Opening of the 2P domain K^ channels is agent-spe- 
cific. For instance, TREK-1, TREK-2, and TASK-2 are 
opened by chloroform; TASK-1, THIK-1, and TRAAK are 
unaffected; and TWIK-2, TALK-1, and TALK.2 are inhib- 
it^^ 15-17.25.37.48 Interestingly, TALK-2 is inhibited by 
chloroform and halothane while it is stimulated by isofiu- 
rane.^^ The volatile anesthetic-inhibited 2P domain K^ 
channels, including TWIK-2, THIK-1, TALK-1, and 
TALK-2, are mostly nonneuronal (THIK-1 is restriaed to 
some brain areas) and strongly expressed in peripheral 
organs.^^'^^ '*'^ TREK-1, TREK-2, and TASK-1 are more 
sensitive to halothane than isofiurane. ^^-^^ This differ- 
ence in potency between the two volatile anesthetics 
indicates that opening of 2P domain K^ channels will 
probably be prevalent during halothane-induced anes- 
thesia. Clearly, further work is necessary to map the 
putative anesthetic binding site and understand the role 
of the carboxy terminus in the mechanism of channel 
activation.'^ 

Opening of 2P domain K^ channels will have pro- 
found hyperpolarizing effects at both presynaptic and 
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postsynaptic levels. Because of the leak behavior of the 
2P domain K"*^ channels, even moderate stimulation, as 
observed for clinical doses of volatile anesthetics, will 
have a major effect on the membrane potentiaL^*^'^' The 
discovery of this class of anesthetic-sensitive K"^ chan- 
nels with distinct patterns of expression may provide a 
basis for how inhalational anesthetics depress the central 
nervous system. ^^^"^'^^ In the human brain, opening of 
TREK-1 and TREK-2 in the caudate nucleus and the 
putamen, opening of TREK-2 and TASK-3 in the cerebel- 
lum, and opening of TREK-2 in the corpus callosimi may 
be functionally important during general anesthesia by 
volatile anesthetics (fig. 3).'^ '^*^^ Opening of TREK-1, 
TASK-1 , and TASK-2 in the sensory neurons of human 
dorsal root ganglia may block sensory inputs and con- 
tribute to loss of consciousness. Finally, opening 
of TREK-1 in motoneurons by inhalational anesthetics 
may depress mobility (fig. 3).^^'^^ 

Local anesthetics inhibit background K^ channels and 
induce cell depolarization.^^ These results suggest that 
closing of 2P domain K"^ channels by local anestlietics 
could contribute to peripheral analgesia by augmenting 
conduction blockade, whereas opening by volatile anes- 
thetics may contribute to general anesthesia. '^'^"^ These 
recent results contribute to the understanding of the 
molecular and cellular mechanisms of action of 
anesthetics. 
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